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Hydraulic Couplings for Internal- 


Combustion-Engine Applications 


By N. L. ALISON,? R. G. OLSON,? ann R. M. NELDEN# 


This paper deals with hydraulic couplings of the hydro- 


h kinetic type used for the transmission of power from 


; 


internal-combustion engines in marine, traction, and in- 
dustrial applications. The units described are of the two- 
element type, having a one-to-one torque ratio, and al- 
though mention is made of certain applications of the 
hydraulic torque converter, such as the original Fottinger 
speed transformer, the detail discussion is confined to 


_ the two-element transmitter or hydraulic coupling. 


, characteristics and principles of this type of drive. 


HE first installation of the hydraulic coupling in connection 

with internal-combustion engines was made in the geared 

Diesel cargo ship Vulcan in 1923. Since that time its field 
of application has been constantly widening and this paper has 
been prepared in an effort to record some of the developments 
that have been made, as well as to explain some of the basic 
Because of 
the wide scope of the paper, embracing marine, traction, and in- 
dustrial applications, it makes no attempt to go deeply into the 
problems discussed, but rather to outline the way hydraulic 
couplings are used and the results obtained. 

Both hydraulic couplings and torque converters are of the 
hydrokinetic type and have their origin in the Féttinger speed 
transformer invented by Doctor Féttinger when on the engineer- 
ing staff of the Vulcan Company in the early 1900’s. The 
Féttinger transformer was used as a speed reducer between a 
marine steam turbine and a propeller, providing a speed reduc- 
tion of about five to one with an efficiency in the neighborhood of 
85 per cent. Prior to the introduction of the helical reduction 
gear the Vulcan Company produced Fttinger speed transformers 
aggregating about 220,000 hp, but because of the higher effi- 
ciency and lower cost of the helical gear it completely replaced the 
hydraulic type. 

The development then remained at a standstill for a number of 
years, until Dr. Bauer, marine engineer and director of the Vul- 
can Company, foreseeing the scope for the high-speed geared 
Diesel engine, perfected the two-element transmitter on the 
Féttinger principle, but with a one-to-one torque ratio. This 
became known as the ‘“‘Vulcan coupling” and when combined with 
mechanical gearing was called the ‘Vulcan gear.”’ 

The next important period in the development of the hydraulic 
coupling began in 1928, when Harold Sinclair, of Isleworth, Eng- 
land, in cooperation with the Vulcan Company adapted the 
fluid circuit to two new designs of couplings: (1) The ‘‘traction’”’ 
type for automotive applications, and (2) the “‘scoop-tube’’ 
type for variable-speed industrial applications. The American 
participation began in 1932. 
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1—MARINE APPLICATIONS 


Although the field for the application of the hydraulic coupling 
has now extended to include practically every use of the internal- 
combustion engine, as well as numerous electric-motor drives, 
it was first used aboard ship and the marine engineer has con- 
tributed much to its development and present wide acceptance. 

To take advantage of the lower weight, higher efficiency, and 
smaller space requirement of the medium-speed and high-speed 
Diesel engine, and at the same time profit by the higher efficiency 
of a low-speed propeller, the need arose for a reduction element in 
the propulsion system. As far back as 1908 mechanical reduc- 
tion gears were used for this purpose. The earliest installation 
on record is a side-wheel boat on the river Volga in Russia, but 
it was not until after the World War that geared Diesels were 
used in ships with screw propellers. The first installations of 
this type were made in Germany, utilizing submarine engines 
that had been completed after the close of the World War. 
Although the first of these installations made with the engines 
connected to the gears through mechanical couplings proved 
successful, the general acceptance and wide use of this method of 
drive began when Dr. Bauer evolved the idea of connecting the 
engines to the gears by means of hydraulic couplings. Since that 
time more than 75 commercial vessels have been equipped with 
this method of drive, and at the end of 1939 the combined com- 
mercial and naval applications were in excess of two million horse- 
power. 

As used in marine applications, the hydraulic coupling consists 
of two radially vaned rotating elements known as the primary 
and secondary rotors, one of which is connected to the engine 
crankshaft and the other to the shaft of the pinion gear. There 
is no mechanical connection between the driving and the driven 
members and power is transmitted by the kinetic energy of the 
fluid which circulates between the radial passages in the rotating 
elements. A cover known as the secondary-rotor housing, en- 
closing the back of the runner to retain the working fluid, is 
bolted to and rotates with the impeller. Fig. 1 shows the im- 
peller and runner, while Fig. 2 is a section through the hydraulic 
coupling and pinion of a typical marine gear. Fig. 3 shows a 
diagrammatic arrangement with two medium-speed Diesel 
engines connected through helical gears and hydraulic couplings 
to the propeller shaft. 

Referring to Fig. 2, it will be seen that the hydraulic coupling is 
enclosed in a stationary casing which is, in turn, connected to a 
sump tank. A motor-driven pump delivers oil from the sump 
tank through a hole in the pinion shaft into the working circuit 
of the coupling. When it is desired to disconnect one or the 
other engine from the gear, the oil inlet valve is closed, and 
the coupling empties through calibrated nozzles provided in the 
periphery of the secondary-rotor housing. 

The fluid used is mineral lubricating oil, and it is customary to 
use the same oil in the coupling as is used for reduction gear or 
engine lubrication. Frequently the coupling sump tank is com- 
bined with the gear or engine sump tanks. 

The functions performed by the hydraulic coupling in con- 
nection with geared Diesel marine drives are as follows: 


(a) Prevents the transmission of torsional vibrations, thus 
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Fie. 1 


IMPELLER AND RUNNER OF A HypRAULIC COUPLING 


completely divorcing the vibrating system of the engine from that 
of the gears, propeller, and shafting. 

(b) As there is no mechanical connection between the driving 
and driven members, the coupling protects the engine and gears 
from damage due to sudden shock loads which might result from 
the seizure of a piston or in case the propeller becomes fouled. 

(c) Permits rapid declutching so that in the case of a multiple- 
engine drive, an engine can be readily disconnected when minor 
repairs are required at sea, or when it is desired to operate the 
vessel at reduced speed for extended periods. Engines can also 
be operated in port for warming up and adjustment without being 
connected to the propeller shaft. 

(d) Large clearances between rotating members provide a 
considerable degree of flexibility and make extremely accurate 
alignment unnecessary. 

(e) By regulating the quantity of oil in the working circuit, 
the coupling can be used to provide variable speed, such as might 
be required in the case of hopper dredges, fishing boats, or vessels 
operating in shallow rivers. 


“ 
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") 
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Fie. 3 Two Merprum-Sprep DigseLs CoNNEcTED THROUGH Hy- 
DRAULIC COUPLINGS AND HELICAL REDUCTION GEARS TO A PROPELLER 
SHAFT 


PERFORMANCE 


Exhaustive tests conducted abroad as well as in this country 
show that the efficiency of the marine coupling always equals 100 
minus the slip in per cent and that the torque input is equal to the 
torque output for all conditions of speed and filling. Although 
the coupling can be selected to operate with a slip as low as 1 
per cent, corresponding to an efficiency of 99 per cent, it is cus- 
tomary in marine service to use couplings having a slip of between 
21/2. and 3 per cent in order to keep down the over-all diameter. 
As the power required by the oil-circulating pump amounts to 
approximately 1/4 per cent of the engine horsepower, the over-all 
efficiency of the coupling will be approximately 97 per cent. 
Since the rotating members are totally enclosed and all bolts are 
shrouded, loss due to windage is negligible. 

Slip is the difference in speed between the driving and driven 
members of the coupling, measured in per cent. Therefore, if 
the engine speed is 500 rpm and the slip of the coupling is 3 per 
cent, the output shaft speed will be 485 rpm. An important 
characteristic is that the slip remains practically constant for all 
engine speeds, due to the fact that the power-transmitting capac- 
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Fic. 4 Stages 1n rHe MANvuFAcTURE OF HypRAvuLic CouPLinas 


Fig. 5 Roratina Members or Hyprautic Coupiines ror Hiau- 
Sprep InsTaLLATions ARE MACHINED From Souip Streit Biocks 


ity of the coupling and the power required by the propeller both 
vary as the cube of the speed. 


CONSTRUCTION 


Hydraulic couplings are built of welded steel, cast iron, or cast 
steel, according to the requirements of each installation. For 
use with high-speed Diesel engines, where relatively light weight 
and low WR? are desirable, welded couplings are generally used, 
while large low-speed couplings such as are now being used in 
U. S. Maritime Commission C-2 cargo vessels are of cast con- 
struction. Due to the smoother surfaces and the thinner vanes 
of the welded couplings their slip is somewhat lower, especially 
in the smaller sizes, but in the case of large low-speed couplings 
this difference in slip becomes negligible. In all sizes, the lower 
slip of the welded couplings can be compensated for by only a 
small increase in the diameter of the cast couplings. The latter 
construction is appreciably lower in cost and is more readily adapt- 
able to the higher WR? requirements of the low-speed engine. 

Fig. 4 shows a welded steel coupling during various stages of 
fabrication. The view on the left shows the die-formed bowl or 
shell of a coupling impeller before the radial blades are welded 


in place. The center view shows the bowl with the long and 
short blades in place, while the right-hand view shows a completed 
runner after the semicircular sections, forming the core ring, 
have been welded in place. 

For extremely high speeds, such as are encountered where the 
hydraulic coupling is used as a disconnecting clutch between the 
main and cruising turbines in certain types of naval vessels, 
the rotating members are made from solid steel blocks, the radial 
passages being machined out by a milling operation, as shown 


in Fig. 5. After this machining operation is completed, the small 
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steel sections, which form the semicircular core ring, are welded 
in place. 

When the coupling is used for driving engine-attached scaveng- 
ing blowers, and cast construction is used, the driving member 
may be made of cast aluminum as a means of keeping the WR? 
of this member as lew as possible. 


RELATION OF OuTPUT TORQUE AND SLIP 


Fig. 6 shows a set of curves from which coupling slip and engine 
speed may be determined for any condition of operation where 
two or more engines are connected to a single propeller through 
hydraulic couplings and reduction gears. The curves are drawn 
up on the basis of 3 per cent coupling slip with all engines operat- 
ing and the propeller absorbing designed torque. It will be 
noted that in addition to the propeller curve representing designed 
torque, two additional propeller-torque curves are shown, one 
based on 125 per cent, the other 150 per cent of designed torque, 
to indicate a possible foul-bottom condition or the ship operating 
with a heavy tow. 

To illustrate the use of the curves we can assume a two-engine 
drive with both hydraulic couplings operating with 3 per cent 
slip, assuming designed torque on the propeller. The curve 
shows the propeller torque varying as the square of the speed, 
and on this basis the slip of the hydraulic couplings will remain 
approximately constant at 3 per cent for all engine speeds. 

Therefore the curve for 3 per cent slip and the brake-horse- 
power curve intersect on the graph at 100 per cent torque and 
100 per cent engine speed. By moving horizontally to the left 
on the graph from this point of intersection to the 125 per cent 
propeller-torque curve, thence vertically downward to the brake- 
horsepower curve, a point is reached which indicates that at 125 
per cent propeller torque the slip of the couplings increases to 
3.7 per cent, and the engine speed drops to 90 per cent. For 
150 per cent propeller torque, the coupling slip is 41/2 per cent 
and the engine speed has dropped to about 82 per cent of full 
speed. 


Now, if the hydraulic coupling connected to one of the engines - 


is emptied and the ship continues under way on the remaining 
engine, the input torque will be about 0.5, the slip of the coupling 
will be in the neighborhood of 6 per cent, and the engine speed 71 
per cent, assuming that the propeller torque is in accordance with 
the designed requirement. 


SpEcIAL CouPLINGS 


Fig. 7 shows a hydraulic coupling of the double or twin type 


Fig. 7 


A DoéteLe Hypravutic CouPLine 
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which is used in certain marine installations where space limita- 
tion does net permit using a standard single coupling. This 
design permits decreasing the outside diameter of the rotating 
parts in the neighborhood of 15 per cent, so that, for example, 
instead of using a size-42 single coupling for transmitting 900 hp 
at an engine speed of 700 rpm, a size-36 coupling of the double 
type can be used. 

In the coupling shown in Fig. 7 the two primary members A 
are connected to the driving shaft, while the secondary rotors B, 
carried by the drum C, are flanged to the secondary shaft D. 
The position of the two members can be reversed so that the pri- 
mary becomes the secondary, and vice versa, without any loss of 
transmission efficiency or change in performance. Also, the 
outer member can be mounted directly on the engine flywheel 
as is done in the case of standard traction couplings, and a ball or 


Fie. 8 A Scoor-Tuse VARIABLE-SPEED HypRAULIC COUPLING 


roller bearing can be located in the center of the coupling to hold 
the primary and secondary rotors in proper relation to each other. 

A type of coupling widely used for variable-speed drive in 
connection with constant-speed motor applications is the scoop- 
tube type shown in Fig. 8. In addition to the primary rotor A, 
secondary rotor B, and rotor housing C of the regular marine 
couplings, this coupling has a second rotor housing #, known as 
the ‘outer casing.’’ A stationary scoop tube F, supported by an 
external manifold, is located in the chamber formed between the 
inner and outer casings. Calibrated leak nozzles in the pe- 
riphery of the inner casing allow oil to leak continuously from 
the coupling working circuit into the scoop-tube chamber. The 
oil is thrown out through the nozzles by centrifugal force, due to 
the rotation of the coupling, and this oil is picked up by the scoop 
tube from whence it is delivered through an oil cooler and back 
into the working circuit. The action of the scoop tube can be 
compared to the scoop under a steam locomotive picking up water 
out of a trough. 

The scoop-tube coupling is provided with an oil pump driven 
by a reversible motor, and this pump serves to fill or empty the 
coupling when it is desired to clutch or declutch. When variable 
output speed is desired the hydraulic coupling can be operated 
with the working circuit only partially filled, and by this means 
speed regulation can be obtained over a range of five to one. 
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The reversible pump only operates when it is desired to add to or 
remove oil from the coupling circuit, and at all other times the 
pump remains idle and circulation through the oil cooler is main- 
tained by the action of the scoop tube. If desired, the scoop 

/ tube can be arranged to discharge directly into the sump tank 
with the motor-driven pump operating continuously to make up 
the oil which circulates through the nozzles and scoop tube. 
Where this method of control is used, declutching is accomplished 
by closing the oil inlet valve and allowing the scoop tube to drain 
the working circuit. 


i 
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Fic. 9 VARIABLE-SPEED PERFORMANCE CURVE 


(Curve A—propeller horsepower. Curve B—hydraulic-coupling input 
horsepower with engine running at maximum speed. Curve C—hydraulic- 
coupling input horsepower with engine running at 50 per cent speed.) 


As in the case of other designs of hydraulic couplings, either 
the inner wheel or the outer wheel carrying the two casings can be 
connected to the engine shaft and the other member to the gear 
or propeller shaft. 


VARIABLE-SPEED OPERATION 


Although hydraulic couplings of both the scoop tube and scoop 
control types are used extensively for the variable-speed drive of 
fans, turboblowers, pumps, as well as machines requiring con- 
stant torque, the characteristics of the coupling when used for 
variable-speed propeller drive are perhaps not so well known. 
Curve A in Fig. 9 indicates the power required by a ship propeller 
in percentage of full power over a range from 100 per cent down to 
zero speed assuming that the load varies as a cube function of the 
speed. Curve B shows the power input to the hydraulic coupling 
based on the assumptions that the engine is running at maximum 
speed and the regulation of propeller speed is obtained entirely 
by varying the quantity of oil in the coupling circuit. It will be 
seen that the power input drops off rapidly and that the difference 
between curve A and curve B, representing the loss of power in the 
hydraulic coupling, varies from a maximum of 16 per cent of full 
power at 65 per cent speed to approximately 5 per cent at 20 
per cent speed. 

Curve C in Fig. 9 shows the power input to the hydraulic cou- 


pling assuming that the engine speed is reduced to 50 per cent of 

maximum and that the propeller speed is reduced down to 10 

per cent of maximum by means of the hydraulic coupling. In 

this case the maximum power loss in the coupling, represented 

by the difference between curves A and C, is only slightly in 
excess of 2 per cent of full power, so that the heat to be dissipated 

is actually less than the normal slip loss of the coupling at full 

power. In this example it is assumed that the quantity of oil 

in the coupling would only be changed when propeller speeds 

below 50 per cent were desired. 

It is believed that the variable-speed function of the coupling 
would be particularly useful in the case of hopper dredges, 
fishing boats, and river boats where lower speeds than could be 
conveniently obtained with the engine alone might be desirable. 
The variable filling of the coupling would also give extra protec- 
tion to the propeller in the case of vessels operating in shallow 
rivers or in ice. 

Another type of vessel where the variable-speed feature of the 
hydraulic coupling might be used to advantage is the geared- 
Diesel-drive tugboat. Its value here would be in always per- 
mitting the engine to operate at maximum speed regardless of 
how heavy a tow was being handled. In other words, instead of 
reducing the engine speed as a result of increased propeller torque, 
the filling of the coupling would be adjusted to allow the engine 
to operate at maximum speed and permit the propeller to rotate 
at a speed corresponding to full engine torque. If desired, a 
thermostat could be provided in the engine exhaust which would 
automatically adjust coupling filling to limit exhaust tempera- 
ture to the maximum recommended by the engine manufacturer. 


HyprAvLic CoupLine FLuIps 


As stated earlier in this paper, the fluid recommended for use in 
the hydraulic coupling is straight mineral lubricating oil having a 
maximum viscosity of about 180 Saybolt seconds at 130 F. 
Water has also been used, but because of its lubricating qualities, 
stability, long life, and availability, oil has been found to be the 
most satisfactory all-around fluid. Other fluids have been in- 
vestigated, but to date none has been found that offers all of the 
advantages of oil. A heavy liquid known as “Aroclor” has been 
used experimentally with quite satisfactory results. It has the 
advantage of high specific gravity, low viscosity, and low vapor 
pressure. Its principal disadvantage lies in its rather high cost 
and the fact that it gives off objectionable fumes at high tem- 
peratures. Mercury has frequently been proposed because it is 
about fifteen times as heavy as oil, but its cost is probably pro- 
hibitive, and it would have a rather undesirable effect on the 
nonferrous materials in the coupling and cooler. 


THRUST 


The axial thrust of the hydraulic coupling when full of oil acts 
in the outward direction tending to separate the two members, 
while with the coupling only partially filled the thrust acts in the 
opposite direction tending to draw the two members together. 
Therefore, it is necessary to provide bearings to take the thrust 
in both directions, and in marine applications this is usually 
handled by thrust collars on the driving and driven shafts. 

The coupling thrust can also be handled by a ball or roller thrust 
bearing located in the center of the coupling, or by a bearing be- 
tween the rotor housing and the driven shaft. The latter ar- 
rangement is frequently used in traction-type hydraulic couplings 
described later in this paper. 


QuicK-EMPryiING VALVES 


Fig. 2 shows a coupling provided with constant-leak nozzles. 
This coupling is used principally in connection with single-engine 
drives and other applications where rapid declutching is not re- 
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quired. Declutching is accomplished by stopping the oil-supply 
pump or closing the oil inlet valve and permitting the coupling 
to empty through the nozzles provided in the periphery of the 
rotor housing. Depending upon the size and speed, this coupling 
requires between 2 and 5 minutes to empty completely. 

Fig. 10 shows a marine coupling provided with ring-type dump- 
ing valve which permits declutching in from 3 to 5 sec. Nozzles 
in the rotor housing are covered by a steel ring which is keyed to 
and rotates with the coupling. By means of three claws and 
linkage mounted on the stationary enclosing casing, the ring can 
be moved axially a sufficient amount to uncover the nozzles, thus 
permitting a rapid escape of oil from the coupling. The ring valve 
is interconnected with the oil-supply valve so that when the 
former is closed the latter is open and vice versa. 

A more recently developed quick-emptying coupling is the 
piston-valve type shown in Fig. 11. In this coupling there is a 
series of piston valves around the periphery of the rotor housing 
which are held normally in the closed position by springs. By 
means of air or oil pressure admitted to the valves as shown, the 
pistons are moved axially so as to uncover drain ports, allowing 
the coupling to empty. Where extremely rapid declutching is 
not required, the piston-valve coupling offers the advantage of 
greater simplicity and lower cost. 

As in couplings with constant-leak nozzles, the ring-valve and 
piston-valve types are arranged to circulate sufficient oil for cool- 


ing under normal operation or where the coupling is used for 
variable speed. 


On Pirine AND AUXILIARIES 


Fig. 12 shows a typical layout of oil piping and auxiliaries for 
an installation where two Diesel engines are connected through 
hydraulic couplings and a reduction gear to the propeller shaft 
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The auxiliaries shown consist of an oil strainer, a motor-driven 
oil-circulating pump, a shell-and-tube oil cooler, and two oil- 
inlet or speed-regulating valves. The pump delivers oil to the 
couplings through the hollow pinion shafts and this oil returns to 
the sump tank, where it is again picked up by the pump and a 
continuous circulation is maintained. During normal operation 
the pump needs only to handle the oil which leaks out at the pe- 
riphery of the couplings, and in order to have greater capacity for 
filling when starting up, the pump can be driven by a two-speed 
motor. The pump and motor are selected for a maximum pres- 
‘sure of 25 psi. 

' Another arrangement of piping and auxiliaries that has been 
used widely in commercial vessels utilizes an overhead gravity 
filling tank as a means of rapid filling. Where this system is 
used, it is customary to combine the oil for coupling filling with 
that for gear lubrication, and the gravity tank is made of suffi- 
cient capacity so that in the event of pump failure there will be 
enough oil in the tank to insure a supply of oil to the gears for a 
period of 5 min. It seems doubtful that the gravity tank will be 
used to any great extent in the future, because in most cases it is 
not essential and the arrangement shown in Fig. 12 offers a less 
complicated system of piping and generally at lower cost. 


2—INDUSTRIAL AND TRACTION APPLICATIONS 


Since 1928 the hydraulic coupling has been used commercially 
for various automotive, traction, and industrial applications, and 
in total horsepower these applications now account for an aggre- 
gate equal to that of the marine coupling. The first automobile 
to use the hydraulic coupling was the Daimler in England under 
the name ‘‘fluid flywheel,” and now in this country we have 
fluid drive and Hydra-Matic drive as used, respectively, by 
Chrysler and General Motors. In industrial and traction applica- 
tions, this coupling is known as the “traction type” as conceived 
and developed by Harold Sinclair, and it will be referred to by this 
name in the remaining part of this paper. 

The traction coupling differs from the marine type in that in 
it no provision is made for completely disconnecting the driving 
from the driven member. It is a self-contained unit and is us- 
ually mounted directly on the engine flywheel or on an extension 
of the crankshaft as shown in Fig. 13. It consists of a driving 
member or impeller (1), a driven member or runner (2), enclosing 
cover (3), reservoir (4), thrust bearing (5), driven side stub shaft 
(6), and oil seal (7). The coupling operates with a fixed quantity 
of oil in the working circuit and does not require an external tank 
or pump. Heat generated within the coupling is dissipated by 
radiation. When starting up the coupling is filled with light 
lubricating oil to the level of the filling plug in the enclosing cover. 

The characteristics of the traction coupling, used as a power 
take-off in connection with an internal combustion engine, are 
shown in Fig. 14. Curve C-D shows the slip of the coupling from 
100 per cent to 40 per cent engine speed when delivering maxi- 
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mum engine torque to the driven machine, and it will be seen 
that this slip increases from 2!/. per cent at point D to 100 per 
cent at point C. This represents a full-throttle condition. 
Curve A-B represents the torque output from the coupling with 
the runner stalled and the engine operating at reduced speed. 
For example, in starting up, the drag torque at point A is zero 
and as the engine increases in speed the torque of the coupling 
immediately builds up toward point B setting the driven shaft in 
motion, after which the slip of the coupling rapidly decreases and 
falls to about 2 or 3 per cent in the range of normal speed and load. 

The ability of the coupling to prevent engine stalling is shown 
by curve C-D indicating how the effect of overload is to pull down 
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the engine speed until point C is reached, when the slip rises to 
100 per cent and the output shaft stalls while transmitting the 
full torque of the engine. 

The absence of any physical connection between the driving 
and driven members of the coupling reduces wear to a minimum 
and prevents the transmission of torsional vibration and shocks. 

In the traction coupling a ring-shaped baffle is attached to the 
coupling at the inner profile diameter, and serves to impede the 
oil circulation when working at high slip or when stalled, thus re- 
ducing the drag torque. The baffle has no effect on the slip at 
normal load and speed, and by varying its diameter the point of 
coupling stall when delivering full torque can be changed to best 
suit the operating characteristics of the engine. 

The reservoir on the back of the runner serves as an expansion 
chamber; consequently, there is no possibility of building up ex- 
cessive pressure due to overheating of the oil in case the coupling 
is allowed to remain stalled for long periods with the engine 
developing full torque. 

Applications of the traction-type hydraulic coupling have been 
made in the fields of power shovels and draglines, oil-well drilling, 
marine drives where declutching is not essential, rail traction, 
and ore trucks. 


Ratt TRACTION 


Although relatively little progress has been made in the rail- 
traction field in the United States, hydraulic couplings and 
hydraulic torque converters have been used widely for locomotive 
and rail-car drive in nearly every other part of the world, with 
the greatest number of hydraulié coupling units originating in 
England, and those of;the torque-converter type being most 
prominent in Germany. In this connection it is interesting to 
note that up to February, 1939, one English manufacturer had 
produced about 1200 couplings totaling 165,000 hp for rail- 
traction applications, while a German manufacturer of torque 
converters had manufactured over 800 units totaling about 225,- 
000 hp. The largest hydraulic coupling unit was 380 hp while 
the largest torque converter was a locomotive unit rated at 1380 
hp. Most of the rail-car applications of the hydraulic coupling 
made abroad have been in connection with constant-mesh gear- 
boxes of the epicyclic type in rail cars for branch-line service. 
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In this country, interest in rail-traction applications. has in- 
creased during the last two years, and several switching locomo- 
tives ranging in size from 20 tons to 40 tons equipped with 
hydraulic torque converters have been built. 


Scoor Contrroi CouPLine 


Another type of self-contained unit used for certain Diesel- 
engine drives is the scoop control coupling shown in Fig. 15. 
It consists of an impeller to which is bolted an inner casing en- 
closing the runner, and an outer casing which acts as a reservoir 
and is of sufficient capacity to receive the contents of the working 
circuit. Calibrated nozzles in the inner casing allow a continuous 
flow of oil from the coupling circuit into the reservoir from where 
it is picked up by a scoop tube mounted on the external manifold. 
The scoop. tube is connected to an external handle which can be 
moved through an are of about 70 deg. With the scoop in its 
fully extended position, the coupling circuit is full of oil and mini- 
mum slip is obtained, while with the scoop in its retracted posi- 
tion all of the oil is in the reservoir and the coupling is completely 
disconnected. Thus, this coupling can serve as a disconnecting 
clutch, and if variable output speed is desired this can be obtained 
by placing the control lever in an intermediate position. The oil 
handled by the scoop tube can be circulated through an oil cooler 
where extra cooling is required. 

When used for marine drive, the scoop control coupling pro- 
vides a means of declutching and variable output speed. With 
the scoop tube in the engaged position, the characteristics of the 
coupling are the same as those of the traction type previously 
described. 

The scoop control coupling used in connection with Diesel 
drilling rigs performs the same functions as the traction coupling 
with regard to parallel operation and the damping of vibrations 
and shocks. For ‘fishing’ operations, it performs the added 
function of accurately controlling output speed, and when used 
for slush-pump drive, can be equipped with oil cooler to permit 
the engine to be run for long periods with the pump stalled. 

The scoop control coupling is usually constructed with cast- 
iron impeller and runner, and spun-steel inner casing and rotating 
reservoir. When the coupling is stationary, the oil rests in the 
lower half below the level of the shaft and, consequently, no oil 
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seal or gland is required. Thrust is provided for by means of a 
self-aligning roller bearing located in the impeller hub, and no 
external thrust bearings are needed. 


SUMMARY 


Summarizing briefly, the uses of hydraulic couplings for inter- 
nal combustion engine drives can be placed in three general di- 
visions: (1) Marine, (2) traction, (3) industrial. In addition to 
the applications listed in the paper, marine couplings are used 
for dredge pump drives while traction couplings have been used 
\widely in connection with capstans, winches, cranes, hoists, port- 
able compressors, engine-generator sets, road rollers, tractors, 
and buses. 
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Discussion 


Austin Kuuns.‘ It has been the writer’s privilege during the 
last few years to be intimately connected with the application and 
installation of by far the majority of hydraulic couplings in the 
marine field in the United States. Unfortunately, censorship 
prevents any disclosure of the development of these designs for 
government use and limits any remarks which may be made to 
the category of generalities. 

The hydraulic clutch or coupling has given absolutely continu- 


ous and satisfactory performance in every installation with which 


the writer is personally familiar. It has accomplished to the full- 
est extent its required function and from torsiograph analysis 
has confirmed all claims of vibration separation and protection of 
connected machinery under unusual loads and abuse. Its con- 
trol has been convenient of operation, positive, and sensitive and 
no maintenance whatsoever has been required on any of these 
installations. 

It is the writer’s personal opinion that the field of service for 
the hydraulic clutch or coupling lies with the medium and higher 
engine speeds. The history of the Continental installations 
shows that most of these couplings have been for slow-speed ap- 
plications where large sizes and excessive volumes of oil or oper- 
ating fluid are required. In this country we have taken advan- 
tage of the fact that the power-transmitting capacity of the hy- 
draulic coupling goes up as the cube with the speed, and also of 
the fact that the progress in Diesel-engine development has pro- 
ceeded toward higher and higher rotative speeds. With Diesel 
engines running between 700 and 800 rpm, the size of the hy- 


_ draulic clutch or coupling, the volume of oil, the space required, 


and the complexity of the fluid system become problems of minor 


importance and the simplicity of this type of clutch, the physical 
strength of the rotating elements, and the absence of maintenance 


_ items make it unusually attractive to the marine engineer. 


C. A. Neracuur’ ann D. F. Toor.’ The wide application of 
the hydraulic coupling has necessitated that it be treated in the 
authors’ paper in a very general manner. However, since the 
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outstanding improvement in the American. automobile in recent 

years has been the introduction: of the hydraulic coupling and, 

since the automobile is of such universal -use; it has been con- 
sidered appropriate to outline briefly some: of the characteris- 

tics of the coupling as applied to that industry. ::This considera- 

tion is further influenced by the fact that many thousands of - 
automobiles equipped with hydraulic couplings have been in the 

hands of users for a sufficiently long period of time to demon- 

strate that this is not a passing fancy. 

The automobile engine is fundamentally a high-speed power 
source; at low speeds its power output is small and it is impossible 
to couple it directly to a stationary load. .Even the conven- 
tional dry-plate clutch must “slip” until the automobile has at- 
tained a speed such that the corresponding input speed of the 
transmission is at least as great as the stall speed of the engine; 
otherwise, the engine will “die.’”’ Probably the greatest advan- 
tage of the hydraulic coupling is that it will allow the engine to 
operate at idling speeds even though the. connection between 
load and power source remains unbroken. Furthermore, it will 
perform in this manner for long periods of time with no harm 
whatever to itself. Here is a coupling, or clutch, which at..low. 
speed is no coupling at all and. yet, when the engine speed is-in-. 
creased, becomes almost as perfect.a coupling as the dry-plate: 
clutch; a metamorphosis which: ere neither: thought nor ef-. 
fort on the part of the operators: rt ‘ 

This property of the hydraulic eeuGline opens a field of Angne 
art, or technique, which: is;entirely:new :to:¢ar operators. In the 
first place, it allows'thecar.ta'be stopped ard held. stationary, as. 
at a-traffic signal, without: either-declutching, or: shifting to neu-: 
tral. Then, it makes it possiblé:for.thaengitie to acquire a speed 
at which it can supply its maximum torque for the purpose of 
starting the car—a time at which a high torque is most needed. 

Let us consider the importance of these two points to car opera- 
tion. The American driving public has grown to depend more 
and more upon high-powered engines rather than upon multiple- 
speed transmissions for acceleration and performance. At the 
present time, most of the driving in this country, whether it be 
city or rural, is done in high gear. It is seldom that a person 
shifts into second gear at any speed above 15 or possibly even 10 
mph. In European cars, the engines are very small and four- 
speed transmissions are common. Furthermore, all of these 
gears are used and used often. With our large engines, while we 
still equip cars with three-speed transmissions, many drivers 
rarely use more than two. During the last two years, owners of 
cars equipped with an overdrive transmission and a hydraulic 
coupling have learned to avoid using any forward gear ratios 
except direct and overdrive, in other words, the two top gear 
ratios. 

For all ordinary starts in a car equipped with a hydraulic 
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coupling, it is no longer necessary to have an over-all gear ratio 
of 10 to 1, since the engine is allowed to operate at a speed very 
near its peak torque output, Fig. 16 of this discussion. Thus, at 
the instant of ‘‘breakaway,”’ the engine is delivering a great deal 
more torque than is the case with a plate clutch. Because of this 
fact, former breakaway performance can be equaled by using an 
over-all ratio of about 6 to 1. If now we use a combination of 
rear axle and transmission which has an automatic shift from, let 
us say, an over-all ratio of 5 or 6 to 1 to one of 3 or 4 to 1, we shall 
have sufficient breakaway torque and yet maintain a normal 
driving gear ratio comparable with the present-day overdrive. 

This transmission can be built so that below about 10 mph the 
transmission will stay in the top gear or shift into the lower or 
“kick-down”’ gear, depending upon throttle operation. In other 
words, at these low car speeds, the driver can make the transmis- 
sion shift to the lower ratio either by releasing the accelerator en- 
tirely or depressing it to its extreme position. Between these 
two extreme throttle positions, the car continues to operate in top 
gear. Between 10 mph and 50 mph, the shift to the lower gear 
ratio can be obtained only by depressing the accelerator as far as 
possible. Above 50 mph, direct drive is maintained at all throttle 
positions. This together with a manually operated emergency 
low gear and reverse gear is, in a word, the new transmission 
made possible by the hydraulic coupling. With such a unit all 
normal forward driving can be done by operating only the accel- 
erator and the brake. 

The advantage of the hydraulic-coupling installation, which is 
most noticeable to the driver, is that now he can operate the 
brake pedal with his left foot since he does not have to operate 
the clutch pedal. The old difficulty of starting on a hill is gone 
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since he can hold the car with his left foot and with the transmis- 
sion “in gear,” operate the accelerator with his right foot; the 
clutch pedal need not be touched. In this way, he always has 
definite control of the car since he need not release the brake until 
sufficient torque is applied to the rear wheels to move the car for- 
ward. This is a distinct advantage also when operating the car 
in close quarters, such as parking, where a fine control of speed is 
required. In heavy city traffic where the present driving method 
requires that the right foot be moved from brake to accelerator 
and back to brake again, the new “left-foot braking system” is a 
definite boon. Due to the elimination of this tiring operation, 
and since fatigue is a major contributor to traffic accidents, it is 
felt that the coupling is an important safety improvement. 

The hydraulic coupling contributes further to safety by mak- 
ing skidding on icy pavements a rarity rather than a not unusual 
occurrence. The slipping characteristic of the coupling, which 
allows the car wheels to rotate very slowly while the engine is con- 
tinually applying driving effort, makes it possible to maintain a 
condition of rolling friction. With the present rigid coupling the 
rear wheels must rotate at approximately 40 rpm even in the 
lowest possible gear ratio. This means that, in starting on 
ice, very careful clutch “feathering” is necessary to prevent the 
wheels from reaching this speed instantly, thereby slipping on the 
ice. Of course, once the tires begin sliding instead of rolling, 
the coefficient of friction becomes lower, and skidding continues. 
That the hydraulic coupling has enabled the average driver to 
overcome this driving hazard is evidenced by the large number of 
comments received from owners of cars so equipped expressing 
great pleasure with their newly acquired sense of security on icy 
roads. 


Effect of Variations in Atmospheric 
Conditions on Diesel-Engine Performance 


By JESSE S. DOOLITTLE,! STATE COLLEGE, PA. 


This paper presents the variations obtained in fuel rates 
and maximum power output of a two-cycle Diesel engine 
‘when there were changes in the temperature, pressure, 
and humidity of the supply air and in the exhaust pressure. 
The author found the engine to be quite insensitive to any 
of these changes at light loads. At loads in excess of the 
load of minimum fuel rate, any changes in intake or ex- 
haust conditions that affected the air supply to the engine 
measurably changed the fuel rate and maximum power 


output. 

‘FT HAS long been realized that variations in atmospheric condi- 
| tions may affect the power output of internal-combustion 
j engines. For the carburetor type of engine, the amount of 
this effect has been more or less agreed upon and formulas have 
been developed to express this effect (1).2 

For the Diesel engine, on the other hand, although considerable 

‘work has been done (2, 3, 4, 5), there is no general agreement of 
the effect of variations in atmospheric conditions on the engine 
performance. For the most part, work on the Diesel engine has 
been confined to the four-cycle engine. As the two-cycle Diesel 
engine is used extensively, it was believed desirable to investigate 
the effect of variations in atmospheric conditions on the perform- 
ance of a two-cycle engine. For a period of over a year, work has 
been carried out on this subject in the mechanical engineering 
laboratory of The Pennsylvania State College. 


Test SETUP 


The engine used for this test was a horizontal single-cylinder 
single-acting two-cycle type, having direct injection. The en- 
gine was 9 X 12-in. in size and was operated at 300 rpm. Scavy- 
enging air was compressed by the crank side of the piston, in a 
compartment separated from the crankcase. 

The variations in atmospheric conditions are (a) pressure, (6) 
temperature, and (c) humidity, and the test setup was made to 
measure the effect of these variables. In addition, the effects of 
variations in exhaust pressure could be studied. 

Fig. 1 shows a schematic layout of the general setup. A surge 
chamber, about 1%/, ft in diameter and 18 ft in length, was con- 
nected to the intake of the engine by means of a 3-ft length of 4in. 
pipe. In the further end of this surge chamber was placed a 
finned-type heater. A water and steam supply, connected to the 
heater, permitted the obtaining of any air temperature at the 
engine intake between 70 Fand120F. A 3-in. valve at the intake 
of the surge chamber controlled the air flow to the chamber and 
regulated the air pressure at the engine intake. A steam line 
was run into the intake of the surge chamber to permit increasing 
the relative humidity of the incoming air to as high a value as 
100 per cent if desired. To obtain air pressures above atmos- 
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pheric, a compressed-air line was connected to the intake of 
the surge chamber. Baffles located in the surge chamber insured 
a uniform mixture going to the engine and trapped any water 
that might have condensed out. 

Intake and exhaust pressures were measured by use of water 
manometers. The intake pressure was measured at the engine 
side of the surge chamber, and the exhaust pressure in the exhaust 
line, close to the engine. Wet- and dry-bulb temperatures of the 
incoming air were measured by thermometers located in the 4-in. 
supply pipe, directly above the engine. The amount of fuel used 
was measured by use of a 1000-cc measuring burette, graduated in 
10-cc divisions. As the distance between divisions was about 
1/,in., the amount of fuel used was determinable within 1/2 per 
cent, when 350 cc were used per run. The power output of the 
engine was measured by use of a prony brake. The maximum 
error in the measurement of the brake horsepower was about 1 
per cent, this error due at the lower loads to the inability to read 
the load closer than !/2 lb and at the higher loads to the inability 
to control the brake load closer than 1 lb. The engine speed was 
regulated by a governor, which was adjusted before each run to 
about 300 rpm. The total revolutions per run were obtained by 
use of a revolution counter. The length of the runs was measured 
by a stop watch. 

Test PROCEDURE 


Before attempting the main runs, preliminary tests were made 
to find the effect of variations in injection-advance angle and also 
in injection-valve opening pressures. Over the range obtainable 
with the engine in operation, very little effect was found by a 
change in the injection advance angle. Hence, this angle was 
set so that there was not an unreasonable amount of knocking for 
normal running conditions. This adjustment was not changed 
for the rest of the tests. 

As it was found that both the fuel rate and the smoke in the 
exhaust were excessive at the recommended injection-valve open- 
ing pressure of 2500 lb per sq in., this pressure was increased to 
about 2900 lb per sqin. This pressure was maintained through- 
out the tests. Although somewhat better results were obtained 
with higher valve-opening pressures, the low fuel viscosity (32 
Saybolt seconds at 100 F) made it desirable to avoid these higher 
pressures. The valve-opening pressures were determined by use 
of a Bosch injection-pressure tester. 

During all runs the jacket-water outlet temperature was kept 
at about 130 F. The length of runs varied somewhat with the 
load, averaging about 6 min. At least 350 ce of fuel were used 
during each run. Care was taken to see that the engine had 
reached operating temperatures before any readings were made. 
Although the power output of the engine was changed in values of 
only 1 or 2 hp at a time, the engine was held at the new load fora 
period of 5 to 10 min before readings were taken. 

Preliminary runs showed that the variations in exhaust pressure 
of 1/2 in. Hg did not appreciably affect the engine performance. 
As the normal variations in barometric pressure during the runs 
were not greater than this, the exhaust pressure was not controlled 
except in those runs where the effects of large variations were 
studied. 

Three series of runs were made to study the effects of variations 
in (a) the humidity of the supply air, (b) the incoming-air tempera- 
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ture, and (c) the atmospheric pressure. For each run, with these 
variables held constant, fuel rates were obtained for at least ten 
different loads varying from about 30 per cent of rated load to the 
maximum obtainable with steady operation. 

To investigate the effect of humidity, runs were made with in- 
take air temperatures of 80 F and 120 F. At 80 F, two series of 
runs were made, one having an incoming-air relative humidity of 
48 per cent and the other a relative humidity of 90 per cent. At 
120 F, relative humidities of 27 and 90 per cent were used. The 
intake air pressure was held at 28 in. Hg abs. 

To study the effect of variations in intake-air temperatures, 
runs were made to obtain variations in fuel rate with load at in- 
take-air temperatures of 80 F.and 120 F. Runs were also made 
with intake-air temperatures of 45 F by taking air from outdoors 
but, unfortunately, it was not realized at the time that the most 
significant part of the fuel-rate curve was that at very high loads. 
By.the time the importance of the high-load runs was discovered, 
outside temperatures were too high to obtain the desired air 
temperature. 

The effect of intake-pressure variations was. studied by varying 
the absolute intake pressure from 22.5 to 33.5 in. Hg, holding the 
exhaust pressure constant. To simulate increased barometric 
pressures, three series of runs were ‘made with equal intake and 
exhaust pressures, varying from an absolute pressure of 29.4 to 31 
in. Hg. A series of runs were also made by increasing the absolute 
exhaust pressure from 29 to 31 in. Hg, the intake pressure being 
held constant. it 

As the revolutions per minute of some of the foregoing runs 
varied as much as 8 rpm from the mean value of 300 rpm, the 
engine was calibrated for the effect of speed. It was found that 
this small change in speed did not measurably affect the engine 
performance. 


Discussion oF RESULTS 


A change in atmospheric conditions may affect two prime fac- 
tors which influence engine performance, namely, the amount of 
air supplied to the engine and the work required to get the air into 
the combustion chamber. F6r.maximum efficiency, there must 
be sufficient excess air present so that every particle of fuel comes 
in contact and can. unite with a-partiele of oxygen as nearly as 
possible at a dead-center) position, of the piston, ;;/Providing that 


this minimum amount of excess air is present, any change in the 
air supplied should not materially change the efficiency of com- 
bustion. However, a decrease in the intake air below this mini- 
mum excess value results in incomplete combustion and an in- 
creased fuelrate. Furthermore, a decrease in the intake pressure 
or an increase in the exhaust pressure may increase the work re- 
quired to get a given weight of air into the combustion cylinder 
and increase the fuel rate. 

Figs. 2 to 7 show that the results obtained substantiate this 
line of reasoning. 

An increase in atmospheric humidity displaces some of the air 
in the engine cylinder; hence it decreases the amount of oxygen 
present. The maximum amount of vapor that can be present 
changes with temperature. At 80 F, standard barometer, and 
100 per cent relative humidity, 3.5 per cent of the incoming air 
is water vapor, by volume. Thus, normal changes in atmos- 
pheric humidity at 80 F cannot materially affect the oxygen 
supply to the engine and should not change the fuel rate or the 
maximum power output. Fig. 2a shows that test results confirm 
this line of reasoning. At 120 F, on the other hand, the incoming 
air may contain as much as 11.5 per cent water vapor, by volume; 
hence, the humidity may be large enough to affect the amount of 
oxygen present. At the lower loads, there is much excess air 
present and the decrease in oxygen content due to the increased 
amount of water vapor present does not measurably affect the 
fuel rate. At loads higher than the load of minimum fuel rate, 
there is normally a deficiency of oxygen in contact with the fuel; 
hence, any increase in water vapor increases this deficiency and 
causes the fuel rate to increase. This effect may be seen in Fig. 
2b. 

The same line of reasoning may be applied to the effect of 
variations in atmospheric temperatures. A change in air density 
as effected by a temperature change does not affect the fuel rate 
provided there is a large excess of air present. However, if the 
engine is so loaded that there is a deficiency of excess air, a change 
in air temperature will affect the amount of air present and the 
fuel rate will be changed. Fig. 3 shows this effect. Although 
not shown in Fig. 3, it was found that when runs were made at an 
inlet air temperature of 45 F, the fuel rates obtained were the 
same as those at air temperatures of 80 and 120 F at loads up to 
that load for minimum fuel rate. 
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Fig. 4 shows the effect of variations in intake pressure when the 
exhaust pressure is held constant. Fig. 4a illustrates the effect of 
long suction lines, suction lines containing valves, elbows, air fil- 
ters, and other restrictions, and throttled intake, and shows that, 
at light loads, there is very little effect on fuel rate until the intake 
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pressure is decreased more than 4 to 5 in. Hg below normal atmos- 
pheric pressure. With this low suction pressure, the combined 
effect of decreased oxygen supply and the larger pumping losses 
operate to increase the fuel rate. At high loads these two factors 
decrease the power output as the suction is increased and also in- 
crease the fuel rate. The results of supercharging are shown in 
Fig. 4b. It should be noted that no allowance has been made for 
the power required for the supercharging. Within the range of 
these tests, an increase in the intake pressure produced no change 
on the fuel rates until high loads were reached. At the higher 
loads, due to an increase of the air supply to the cylinder with 
increased intake pressure, the deficiency of oxygen that formerly 
existed was eliminated; hence, the maximum power obtainable 
was increased, together with a decrease in fuel rate. 

Fig. 5 shows the results obtained when both the intake and 
exhaust pressures were increased, such as might take place if the 
engine were used in a deep mine. 

Although not comparable on an absolute basis, some conclu- 
sions may be drawn from a relative comparison of Figs. 4b and 5. 
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The difference between these two figures is that for Fig. 5 the 
exhaust pressure was increased as the intake pressure increased, 
while for Fig. 4b the exhaust pressure remained unchanged. On 
this basis it appears that the engine performance is rather insensi- 
tive to changes in exhaust pressure. 

Fig. 6 shows, however, that under certain conditions, a small 
change in exhaust pressure will cause a large decrease in power 
output and a corresponding increase in the fuel rate. It also 
shows that when the exhaust pressure was increased from 30 to 31 
in. Hg (intake pressure remaining constant at 28in. Hg), the fuel 
rate was increased 15 to 20 per cent and the maximum power out- 
put was halved. On the other hand, an increase in exhaust pres- 
sure from 29 to 30 in. Hg produced little change in maximum 
power and only about 4 per cent increase in the fuel rate. The 
reason for this is that the air flow to the engine is a function of the 
difference in the pressure in the main cylinder and the pressure of 
the compressed air in the precompression chamber. As the ex- 
haust pressure is increased, the pressure in the main cylinder is 
increased and the pressure (lifference between the air in the pre- 
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compression cylinder and the gases in the main cylinder is de- 
creased. Because the flow of air varies as the square root of this 
pressure difference, a given drop in pressure does not produce 
much change in flow if the pressure differential is high but does 
cause a large change in flow when the pressure differential is small. 
Thus, when the pressure differential is large, the engine is rather 
insensitive to changes in exhaust pressure. However, as this 
pressure differential is decreased by building up the back pressure, 
the air flow falls off rapidly with the previously mentioned attend- 
ant results. These results show that long exhaust lines, exhaust 
lines with various fittings causing frictional resistance to flow, and 
partially closed valves may cause serious loss in power. 

Within the range covered by these tests, it appears that if the 
engine were so loaded that changes in atmospheric conditions 
affected the fuel rate, the change in fuel rate was proportional to 
the change in oxygen content per unit volume of the atmosphere, 
providing the pressure difference between intake and exhaust was 
not changed. Thus, an increase in air temperature, an increase 
in humidity, or a decrease in atmospheric pressure that produced 
a given change in the oxygen content of a given volume of air, 
produced about the same increase in fuel rate at any one load. 
However, no general correlation can be made between fuel rates 
and air densities, as a given change in air density produces no 
measurable change in fuel rate at light loads, a small change at 
high loads, and a large change at maximum load. 

Due to unknown reasons, it was impossible to duplicate results 
exactly when a test was repeated after a lapse of a month or so, 
even when apparently all conditions were duplicated. The 
deviations between fuel rates were insignificant at light loads but 
varied up to as much as 6 per cent in some cases at the highest 
load. However, after a lapse of another month, original test 
results were duplicated in many cases. Because of this variation 
in engine performance, considerable care was taken to see that the 
results obtained when investigating any one variable were con- 
sistent and could be checked at any time throughout the series of 
runs with a maximum variation of 2!/2 per cent. Thus, the vari- 
ous curves in any one figure may be compared with one another 
but should not be compared with similar curves in another figure. 


CoNCLUSIONS 


It appears from the results of these tests that the outstanding 
factor affecting the performance of the two-cycle engine is the 
amount of air present in the cylinder at time of combustion. 
These results show that if sufficient air is present so that each 
particle of fuel may come in contact with oxygen at the desired 
time, other factors, such as air density, air temperature, and 
humidity, are immaterial. Thus, two general statements may be 
made, relating engine performance to the amount of air present: 

1 If the engine is operated at loads lower than the load of 
minimum fuel rate, there may be changes in air density as high as 
15 per cent without materially affecting the fuel rate. 

2 Ifthe engine is operated at loads in excess of the load giving 
minimum fuel rate, any change in intake air pressure, tempera- 
ture, or humidity, or exhaust pressure will influence the amount of 
air taken into the cylinder and, due to the insufficiency of air 
present under these conditions, will influence both the fuel rate 
and the maximum power output. 

In addition, one more conclusion may be drawn which is par- 
ticularly applicable to two-cycle engines, namely: If, due to the 
engine design, setup, or operation, the pressure differential be- 
tween the scavenging air and main-cylinder pressure is abnor- 
mally small, then changes in either the exhaust or intake pressures 
will measurably affect the air flow to the engine and will change 
both the fuel rate and maximum power output. 

Due to the fact that the rated horsepower of a given-size engine 
varies with the design of the engine as well as with the manufac- 
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turer, no single statement can be made concerning the effect of 
variations in atmospheric conditions on the performance of engines 
in general. However, it may be stated that if an engine is con- 
servatively rated, i.e., at a load below the load of minimum fuel 
rate, normal changes in barometric pressure will not affect its 
performance up to rated load, and changes in elevation, at which 
the engine is operated, of 4000 to 5000 ft may be made without 
measurably changing the engine performance. On the other 
hand, for the engine that is overrated, any change in barometric 
pressure, air temperature or humidity, or elevation will influence 
the fuel rate at rated load and may even prevent the engine de- 
livering its rated load. 
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Discussion 


A. J. Buackwoop* anp G. H. Cioup.* The author’s report 
that the effect of atmospheric conditions on Diesel-engine per- 
formance under normal conditions is small should be most satis- 
fying to the operators of Diesel equipment. 

Tests in the research division of the Esso Laboratories on 
high-speed automotive engines have confirmed generally the 
author’s results with respect to the effect of changes in atmos- 
pheric conditions. Changes in engine condition with time (me- 
chanical adjustment and general engine condition) have been 
found to affect performance much more than day-to-day varia- 
tions in atmospheric conditions. 

Referring to the effect of exhaust pressures on engine per- 
formance, recent tests on a supercharged two-cycle automotive 
Diesel engine have shown that variations in exhaust pressures 
change power output and fuel economy appreciably. The 
following table shows some of the writers’ experimental data ob- 
tained at full load, 1700 rpm: 


Decrease in Increase 
Exhaust maximum in fuel 
pressure, power, consumption, 

in. mercury per cent per cent 
0.0 0.0 0.0 
0.9 lf 2.0 
22 2.9 6.0 
3.4 4.1 8.0 
6.1 8.7 13.0 
13 9.5 15.0 
9.0 11333 18.0 
11.9 16.5 24.0 


The percentage of decrease in maximum power output with 


3 Esso Laboratories, Linden, N. J. 
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increase in exhaust pressure was not nearly as great in this en- 
gine as was shown in Fig. 6 of the paper. However, the differ- 
ences between the results cited and the author’s are no doubt 
due to the greater differential between the scavenging and ex- 
haust pressures in the high-speed engine. These results confirm 
the author’s observations that considerable loss in power may 
occur when exhaust pressures are permitted to become excessive. 
As shown by the following table, compiled from data obtained 
from Diesel units in automotive service, there are cases where 
inadequate exhaust systems raise exhaust pressures sufficiently 
at the higher speeds to interfere seriously with engine perform- 
ance: 


Full-load back pressure 


—In. mercury at rpm 


Engine unit 400 1200 2000 
A 0.1 0.3 0.7 
B 0.1 0.4 2.2 
Cc 0.1 0.7 3.5 
D 0.1 0.8 4.6 
E 0.2 2.8 15.8 


Some American manufacturers of automotive Diesel equip- 
ment have tended to set their engine outputs quite close to their 
maximum in order to compete with gasoline units in truck and bus 
service. This practice of increasing the maximum output up to 
the critical range often results in smoking, poor fuel economy, 
and rapid engine fouling. The author’s work should help to dis- 
courage this practice by showing that it makes the equipment 
sensitive to slight changes in atmospheric conditions or exhaust 
pressures. 

AvutTHOoR’s CLOSURE 


The author wishes to thank Messrs. Blackwood and Cloud for 
the additional information they have given on this subject. 
Their second table is of particular value as it brings out the fact 
that changes in engine speed produce dissimilar changes in ex- 
haust pressures for various engines. Thus, the conclusion may 
be drawn that a change in speed would not affect the maximum 
output and fuel rate of these various engines in the same manner. 

It is desirable that much more information be made available 
so that both the designer and operator of Diesel engines may know 
what to expect when operating conditions are changed. 
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The Significance of Diesel-Exhaust-Gas 
Analysis 


By JOHN C. HOLTZ? ann M. A. ELLIOTT,? PITTSBURGH, PA. 


Data on exhaust-gas composition, obtained in a study 
of the hazards that might attend the use of Diesel engines 
underground, are discussed in relation to combustion in 
the Diesel engine. Two engines were tested throughout a 
wide range of fuel-air ratios, and the results indicated 
that combustion was essentially complete in the normal 
operating range although even under these conditions low 
but significant concentrations of carbon monoxide, alde- 
hydes, and free carbon were present in the exhaust gases. 

The concentration of carbon monoxide, determined by 
precise analytical methods, was a minimum at a fuel-air 
ratio of approximately 0.03 lb per lb and was affected by 
engine design and to a slight extent by factors that varied 
with speed. The coexistence of aldehydes and free carbon 
indicated that direct oxidation and destructive combustion 
of the fuel were occurring simultaneously. The calcu- 
lation of combustion efficiency from data on the products 
.of incomplete combustion is illustrated. 
| source of power for haulage equipment in mines and tunnels 

in the United States has led to a study by the Bureau of 
Mines of the hazards that might be involved. The ultimate ob- 
ject of this study is to develop recommendations that may serve 
to establish safe practices in the use of these engines under- 
ground. In such an application the discharge of harmful or 
objectionable gases into working places might constitute a sig- 
nificant hazard unless adequate ventilation were supplied. 
Therefore it is important to examine the exhaust gases produced 
by American Diesel engines operated under various conditions. 
Data on one aspect of this study were obtained in tests to deter- 
mine the composition of exhaust gases produced at various 
speeds and loads by two four-stroke-cycle engines in proper 
mechanical condition. The results of these tests have been 
discussed (1)® in relation to the use of Diesel engines under- 
ground. Inasmuch as some of the harmful and objectionable 
constituents also are products of incomplete combustion, the 
results furnish data on the combustion process in the Diesel 
engine. The significance of these data in studying the combus- 
tion performance of engines is discussed in the present paper. 


NCREASING interest in the use of Diesel engines as the 


1 Published by permission of the Director, Bureau of Mines, United 
States Department of the Interior, Washington, D. C. 

-? Gas Engineer, Explosives Division, Central Experiment Station, 
Bureau of Mines,’ U, S.. Department of the Interior. Jun. A.S.M.E. 

3 Associate Gas Engineer, Explosives Division, Central Experi- 
ment Station, Bureau of Mines, U. S. Department of the Interior. 

4 The designation ‘‘Diesel’’ engine is used instead of the more de- 
scriptive term ‘“‘compression-ignition’’ engine because mine loco- 
motives equipped with these engines usually are referred to as 
“Diesel mine locomotives.” 

5 An engine adjusted and maintained in accordance with the manu- 
facturer’s recommendations is considered to be in proper mechanical 
condition. 

6 Numbers in parentheses refer to the Bibliography at the end of 

the paper. 

Presented at the National Meeting of the Oil and Gas Power Divi- 
sion, Asbury Park, N. J., June 19-22, 1940, of THe AMERICAN So- 
CIETY OF MECHANICAL ENGINEERS. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


of the Society. 
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Trest EquipMENT 


Engines and Dynamometer. The two Diesel engines tested 
are described in Table 1. Each engine was mounted in a ‘‘power 
unit,” including radiator, fan, clutch, fuel system, and starting 
mechanism. In the tests, each unit was coupled to an electric 
dynamometer rated at 45 hp from 1200 to 2500 rpm. 


TABLE 1 


Type 
Number of cylinders........ 
Cylinder bore, in............- 
Piston stroke, in............ 
Piston displacement, cu in... 
Maximum rated speed, rpm.. 
Maximum rated brake horse- 

power, without accessories. 


Fuel pimp ere ac stein; aleessietr's 


Type of injection valve........ 


Opening pressure of injection 
valve discharging into air 
at atmospheric prsaeurgs.t lb 
per sq in.. : 


Combustion system... ..... 


Cooling system............... 


TABLE Z 
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Fuel. 
shown in Table 2. 


A 
Four-stroke cycle 
4 


41/4 

51/2 

312.1 
1400 


44 
Individual pump for 
each cylinder; fuel 
delivery controlled 
by pump - plunger 
by-pass 
Single - hole orifice; 
flat-faced valve seat 


1500 
Cylindrical precom- 
bustion chamber with 
cone-shaped ends 
Positive cireulation, 
thermostatically 
controlled 


MerHop or TESTING 


DESCRIPTION OF ENGINES TESTED 


B 
Four-stroke cyele 
4 


4 

41/2 
. 226.2 
2600 


70 
Individual pump for 
each cylinder; fuel 
delivery controlled 
by pump - plunger 
by-pass 
Circumferential ori- 
fice (pintle nozzle); 
conical valve seat 


1650 
Spherical turbulence 
or air-swirl chamber 


Positive circulation, 
thermostatically 
controlled 


CHEMICAL AND PHYSICAL PROPERTIES OF FUEL 


Above 200 
Trace 


The chemical and physical properties of the fuel are 


As the engines were new when received, each was run in for 


100 hr at various speeds and loads before any tests were made. 
In the tests an engine was operated at the desired speed and load 
for 1 hr. During the last 15 min the fuel consumption was 
measured, and the exhaust gases were sampled. One sample was 
analyzed in either a Haldane apparatus or a Bureau of Mines 
Orsat apparatus to determine the percentage of carbon dioxide, 
oxygen, carbon monoxide, hydrogen, and methane. Nitrogen 
was determined by difference. Other samples were analyzed by 
special methods to determine carbon monoxide, aldehydes, and 
oxides of nitrogen. Details of the sampling equipment, methods 
of analysis, and testing procedure have been reported (1). 


RELATION oF ExHaust-Gas ComposiTION TO FuEL-AIR Ratio 


Previous studies (2, 3, 4, 5) of the exhaust gases from internal- 
combustion engines have shown that the composition of these 
gases is chiefly a function of air-fuel ratio. In fact, it has been 
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* Results are from tests on engine B. 


b Power output of engine consumed by mechanical losses and in driving accessories. 


may be considered to be operating at no load. 
¢ Calculated as dry exhaust gas at 60 F and 29.92 in. Hg. 
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TABLE 3 TYPICAL EXPERIMENT RESULTS? 
UE CRSA Radon Uo ocuooDo eG Seeder soc B-13 B-14 B-15 B-16 B-12 B-70 B-72 B-69 
BEE DUCED. TPIS: vere a crare fe sce th elate snares 1400 1410 1400 1410 1400 1400 1400 1400 
Net power output, bhp. . 2.6. enc ce cere es Qb 8.8 17.5 26.4 37.80 40.20 41.0 40.6 
Breed. 1b Der BE. cic cine cokes ocicinh ote 4.56 6.89 9.56 12.45 18.12 21.29 24.41 29.63 
Volume of dry exhaust gas, cu ft per hr¢.... 4500 4460 4180 4050 3950 3700 3650 4050 
uel-air ratio, lb per Ib....... 20.020 s eee 0.013 0.020 0.029 0.039 0.056 0.070 0.084 0.094 
i OE ecoaaibe of dry exhaust gas:¢ 2 

' COz:, per cent by volume............... 2.74 4.19 6.22 8.36 12.400 13.8 12.1 10.2 
tm Os, per cent by volume.............00- 17.14 15.13 12.20 9.26 3.440 0.8 0.3 0.3 

CO,¢ per cent by volume.) ..0. 02. c cee 0.041 0.028 0.024 0.027 0.058 0.7 3.5f 6.0/ 
He, per cent by volume................ em ise se Sake BR 0.1 1.3 3.0 
CH, per cent by volume............... 0 0 0.03 0.1 0.3 0.4 
Nz, per cent by volume...............- 80.08 80.65 81.56 82.35 84.07 84.5 82.7 80.1 
Oxides of nitrogen, parts per million?...... 167 267 378 4 364 346 277 186 
Aldehydes, parts per million’.,........... 4 1 1 4 1 Z 0 


Under these conditions the power unit (engine and accessories) 


@ Gas analyses in tests B-69, B-70, and B-72 made in Bureau of Mines Orsat apparatus; in other tests Haldane apparatus was used. 


6 Determined by iodine-pentoxide method unless otherwise indicated. 


f Determined by absorption or combustion. 
g As equivalent NOe; not included in sum of percentages of other gases. 
hk As formaldehyde; not included in sum of percentages of other gases. 


demonstrated (6) that the air-fuel ratio of internal-combustion 

engines can be calculated from exhaust-gas composition with an 

accuracy of +2 per cent. Because of the convenience of such a 

procedure, the air-fuel relationships in the present investigation 

have been calculated by equations based on the stoichiometry 

of the combustion reactions and on material balances. These 
. equations are given in the Appendix. 

The variation of exhaust-gas composition with calculated air- 
fuel ratio, shown in Fig. 1, agrees in general with the observations 
of others, but the present investigation includes a much greater 
range of air-fuel ratios than has been studied heretofore. With 
such a wide range of air-fuel ratios there appears to be some ad- 
vantage in correlating exhaust-gas composition with fuel-air 
ratio, as shown in Fig. 2, because, in the normal operating range 
of the Diesel engine, power output is a direct function of fuel-air 
ratio whereas it is an inverse function of air-fuel ratio. There- 
fore it is easier to visualize the relation of exhaust-gas composi- 
tion to engine load when the results are correlated with fuel-air 
ratio, and the subsequent discussion will be conducted on this 
basis. 

Fig. 2 shows that comparatively little carbon monoxide and 
no significant concentrations of hydrogen and methane were 
observed in the exhaust from the two engines at fuel-air ratios 
less than the chemically correct.?’ However, at fuel-air ratios 
greater than this the air present is inadequate to burn the fuel 
completely, and the concentration of products of incomplete 
combustion increased rapidly with an increase in fuel-air ratio. 
Fig. 2 shows also that the variation of the concentration of carbon 
dioxide and of oxygen with fuel-air ratio is nearly linear at 
those ratios less than 0.06 lb per lb. The general relationships 
indicated by Fig. 2 are similar to those obtained by replotting 
the data of D’Alleva and Lovell (8), using the Taylor method (7). 

Although Fig. 2 presents data on exhaust-gas composition at 
fuel-air ratios on the rich side, such conditions of operation are not 
normal and were obtained in these tests by changing the ad- 
justment of the stop limiting the travel of the rack on the fuel 
pump of engine B. After this change the fuel injected at full 
throttle was increased by approximately 60 per cent. When 
the engines were operated in their normal range the fuel-air ratio 
never exceeded 0.042 and 0.058 lb per Ib for engines A and B, 
respectively. 

Table 3 presents data typical of those used in plotting the 
figures in this paper. 


7 At the ‘chemically correct’? or ‘‘stoichiometric” fuel-air ratio 
there is just sufficient air to burn the fuel completely. For the fuel 
used in these tests the chemically correct ratio was 0.0679 lb of fuel 
per lb of air. 


2 l her In calculating nitrogen by difference, values were expressed to nearest unit in 
second decimal place to conform with results of analysis in Haldane apparatus. 


RELATION OF ExHaust-Gas CoMPOSITION TO COMBUSTION 
PERFORMANCE 


Despite the favorable conditions for completing combustion 
in the normal operating range of the Diesel engines tested, prod- 
ucts of incomplete combustion were present in the exhaust gases, 
although the concentration of such products generally was low 
and could be determined only by sensitive methods of gas analy- 
sis. The importance of a knowledge of the products of incomplete 
combustion in relation to the combustion process in the Diesel 
engine has been emphasized by Boerlage and Broeze (8) who 
state that “analysis of the products of incomplete combustion 
may be a guide toward a better understanding of the Diesel 
process. From a practical point of view these products hold one 
of the biggest problems in Diesel development.” 


Propucts or INCOMPLETE COMBUSTION 


The products of incomplete combustion observed in the ex- 
haust gases of the two engines and discussed in the following are 
carbon monoxide, aldehydes, free carbon, hydrogen, and methane. 
Other products of combustion and losses from incomplete com- 
bustion are also discussed. 

Carbon Monoxide and Aldehydes. The concentration of carbon 
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monoxide in the exahust gas from each engine is shown in Fig. 3 
in relation to fuel-air ratio, When the engines were operated in 
the range of fuel-air ratios for which they were adjusted by their 
respective manufacturers, the concentration of carbon monoxide 
was always less than 0.12 per cent. Despite such low concentra- 
tions, significant differences were observed in the carbon monoxide 
produced by each engine. The analytical method was precise 
enough to show that the carbon-monoxide concentration de- 
creased slightly as the fuel-air ratio increased from the lowest 
values to an intermediate value of approximately 0.03 lb per Ib. 
Further increase in fuel-air ratio was accompanied by an increase 
in carbon-monoxide concentration until, at the fuel-air ratios 
greater than the chemically correct one, the concentrations 
reached values comparable to those observed in the exhaust gases 
from gasoline engines. 
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Fie. 4 TREND or ALDEHYDE CONCENTRATION IN EXHAUST Gas 
Wits Fur.-Air Ratio 


This variation of carbon-monoxide concentration with fuel- 
air ratio is significant when considered in relation to the outline 
of the combustion process proposed by Boerlage and Broeze 
(8, 9), who suggest that two processes occur simultaneously: 
(a) The direct oxidation of hydrocarbons in the fuel by a series 
of reactions in which partly oxidized compounds are formed as 
intermediate products; and (b) the thermal decomposition 
(cracking) of the fuel followed by oxidation of the destruction 
products. The first process is referred to as direct oxidation and 
the second as destructive combustion. 

If the reactions in the direct-oxidation process are chilled before 
oxidation is complete, carbon monoxide, aldehydes, and organic 
acids will be present in the exhaust gas. If the reactions occur- 
ring in destructive combustion are chilled soot also will be 
present. Under overrich conditions carbon monoxide and 
hydrogen are formed by either process. 

The presence of aldehydes in the exhaust, shown in Fig. 4,8 
indicates that direct-oxidation reactions were occurring and that 
these reactions were chilled. The increase in the concentration 
of aldehydes and of carbon monoxide as the fuel-air ratio de- 
creased from intermediate to low values indicates that chilling 
was more pronounced at the low fuel-air ratios. Obviously at 
low fuel-air ratios conditions are more favorable for chilling be- 
cause average temperatures during combustion are comparatively 
low. 

The increase in carbon-monoxide concentration with fuel-air 


8 Each point in Fig. 4 is an average of’several tests at different 
speeds in the same fuel-air ratio range. 
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ratio at ratios greater than approximately 0.03 lb per lb but 
less than the chemically correct ratio, shown in Fig. 3, probably 
occurs because the tendency to form locally overrich regions, 
which may give rise to carbon monoxide, is much greater as the 
fuel-air ratio increases and the concentration of oxygen approaches 
low values. Such locally overrich regions exist at fuel-air ratios 
on the lean side because uniform mixture of fuel and air through- 
out the combustion space is difficult to obtain under the hetero- 
geneous conditions attending the injection of liquid fuel. At 
fuel-air ratios greater than the chemically correct value, carbon 
monoxide is produced because the air present is inadequate for 
complete combustion. Under these conditions the presence of 
free oxygen in the exhaust probably is indicative of imperfect 
mixing of fuel and air. 

Although an average curve has been drawn in Fig. 3 to repre- 
sent the variation of carbon-monoxide concentration with fuel- 
air ratio, close examination of the points indicates that the re- 
sults were affected slightly by engine speed. It is probable that 
some of the differences observed were caused not only by dif- 
ferences in engine speed but also by the effects of other factors, 
such as turbulence and engine temperature. The significance of 
engine temperature was indicated by an increase of 350 per cent 
in carbon-monoxide concentration shown by a recorder when the 
temperature of the jacket water was decreased momentarily. 

Aldehydes, in addition to being significant in relation to com- 
bustion, also are of interest in relation to the so-called acrid 
exhaust from Diesel engines because the odor and irritation of 
aldehydes can be detected at extremely low concentrations (10). 
In these tests the concentration of aldehydes, expressed as equiva- 
lent formaldehyde, ranged from 0 to 5 parts per million in the 
exhaust from engine A and from 0 to 31 parts per million in the 
exhaust from engine B. In preliminary tests a correlation has 
been observed between aldehyde concentration and odor and 
irritating properties of the exhaust. 
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Fig. 5 Comparison or CarsBon-Hyprocen RAtTiIos CALCULATED 
From Exxuaust-Gas ANALYSIS AND From Fur, ANALYSIS 


Free Carbon. When the exhaust gas from either engine was 
passed through filter paper, a material resembling soot or free 
carbon was always deposited even though the final exhaust was 
clear. An analysis of a sample of such material collected in a 
test at a high fuel-air ratio indicated 99.1 per cent carbon, 0.7 
per cent hydrogen, and traces of other materials. 

If significant quantities of free carbon were present in the 
exhaust gas, the carbon-hydrogen ratio calculated from the gas 
analysis should be less than that calculated from the fuel analy- 
sis. The comparison of these ratios in Fig. 5 shows that this was 
generally true. However, an exception was observed in the 
tests with engine A at the lowest fuel-air ratios, under which 
conditions the carbon-hydrogen ratios calculated from the gas 
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TABLE 5 LOSSES FROM INCOMPLETE COMBUSTION, AND COMBUSTION EFFICIENCY FOR ENGINE B 
See co Hy CHg Free carbon Total 
uel-air = = == — (4 busti 
ratio, lb Btu per lb Btu per Ib Btu per lb Btu per lb Btu per lb oniclanows 
per lb of fuel Per cent of fuel Per cent of fuel Per cent of fuel Per cent of fuel Per cent per cent 
0.01 246 1.24 0 0 0 0 848 4.26 1094 5.5 94.5 
0.02 62 0.31 0 0 0 0 481 2.42 543 2.7 97.3 
0.03 37 0.19 0 0 0 0 269 1.35 306 1.5 98.5 
0.04 32 0.16 0 0 0 to) 297 1,49 329 Lae 98.3 
0.05 40 0.20 0 0 0 0 410 2.06 450 2.3 97.7. 
0.06 93 0.47 0 0 (0) 0 622 3.12 715 3.6 96.4 
0.07 528 2.65 119 0.60 185 0.93 933 4.69 1765 8.9 91.1 
0.08 1876 9.42 512 2.57 320 1.61 1287 6.46 3995 20.1 79,9 
0.09 2578 12.95 1230 6.18 591 2.97 1683 8.46 6082 30.6 69.4 
TABLE 4 FREE CARBON IN THE EXHAUST GASES FROM i es ee ee See f : 
ENGINE B | cl res | 
a { — wes . -} = 4 
Carbon-hydrogen Free carbon in dry exhaust gases | | | | 
ratio from gas ee —————— GD eae eee EP ea } = Ee +t tigi 
Fuel-air ratio, analysis (7g), Lb per lb Lb per 1000 2 | | | | 
Ib per Ib mols per mol of fuel cu ft & i= 1 a ine A . 
0.01 0.960 0.060 0.047 Sail] ol » eB an 
0.02 0.991 0.034 0.053 oe | 
0.03 1.008 0.019 0.046 Pp gg ahaa Hak Li 
0.04 1.006 0.021 0.068 ie) | 
0.05 0.996 0.029 0.117 a 5 400; — — LF py 
0.06 0.978 0.044 0.213 pe | | yer 
0.07 0.952 0.066 0.361 Bo eel al aaall liam 
0.08 0.922 0.091 0.576 2b | | ie 
0.09 0.888 0.119 0.815 23 ale 
Or a 
2 Dry exhaust gas calculated at 60 F and 29.92 in. Hg. ar) ig re) 
5° 20) 8 | 
Ac @ Is 
2 - +2 =i + 
7 100} — | a a { 
+2 | 
2 | 8 | 
3 90} — —+—— + +E 
2 | |e] 
2 | | <I katy 
is Minn 7 0) 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 oo 0.10 
Fa 2. FUEL-AIR RATIO, POUND OF FUEL PER POUND OF AIR 
S 1 = 
=” £ Fig. 7 RELATION OF CONCENTRATION OF OxipES OF NITROGEN IN 
oe rel Exxavst Gas To Furr-Arr Ratio 
Zo 3 
8 § the products of incomplete combustion the potential heat lost 
oO . 
r Sapet i pat ~J in the exhaust gases from engine B has been calculated by 
60 equations given in the Appendix. The results are presented in 
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analysis were greater than those calculated from the fuel analysis. 
The reason for this exception is not entirely clear, although the 
difference indicated at the lowest fuel-air ratio may be significant 
because the point shown is an average of 13 tests. In fact, each 
point in Fig. 5 is an average of several tests at different speeds in 
the same range of fuel-air ratio. The carbon-hydrogen ratios for 
the individual tests were calculated by equations given in the 
Appendix. 

Using average values of the carbon-hydrogen ratios from the 
curve for engine B in Fig. 5 and equations given in the Appendix, 
the proportion of the fuel appearing as free carbon in the ex- 
haust has been calculated and is given in Table 4. The results 
indicate that free carbon may be a relatively important factor in 
studying combustion. In such studies it would be preferable to 
determine the free carbon directly instead of by calculation as 
illustrated here. 

In relating the concentration of free carbon in Table 4 to the 
appearance of the exhaust, it was observed that smoke was 
easily noticeable when the exhaust gas contained more than ap- 
proximately 0.3 lb of carbon per 1000 cu ft. 

Hydrogen and Methane. At fuel-air ratios less than 0.06, 
hydrogen was never indicated by the gas-analysis data, and 
methane was never present in significant concentrations. At 
higher fuel-air ratios the concentration of each of these gases in- 
creased. With regard to hydrogen, these observations agree 
with the results of others. However, in the present investiga- 
tion the concentration of methane was not constant as pre- 
viously reported by other investigators (4, 6). 

Losses From Incomplete Combustion. Using average ea on 


Table 5, which also shows the losses expressed as a percentage of 
the higher heating value of the fuel. The combustion efficiency, 
also given in Table 5, was obtained by subtracting from 100 the 
total losses expressed as a percentage. These results are pre- 
sented to illustrate the value of precise gas analysis in studying 
combustion performance; no attempt has been made to show the 
minor effect of factors that vary with speed. 

Fig. 6 shows that the combustion efficiency of engine B reached 
a maximum at fuel-air ratios ranging from approximately 0.03 
to 0.04 lb per lb. In this range of fuel-air ratios it is probable 
that the quantity of excess air is sufficient to minimize the for- 
mation of locally overrich regions without causing excessive 
chilling of the combustion reactions. In the normal operating 
range of engine B the combustion efficiency was between 94.5 
and 98.5 per cent. At fuel-air ratios above this range, combus- 
tion efficiency decreased rapidly with an increase in fuel-air 
ratio. This decrease in efficiency also was apparent from meas- 
urements of power output and fuel consumption. For example, 
in tests at 1400 rpm on the rich side no significant increase in 
power output was observed despite an increase of 40 per cent in 
the fuel injected. 

Oxides of Nitrogen. Oxides of nitrogen are among the harmful 
gases that must be considered in providing ventilation for 
Diesel engines used underground. Consequently, the concentra- 
tion of these gases was determined in this investigation. 

The oxides of nitrogen include: (a) Nitric oxide (NO), which 
is formed at the high temperatures associated with combustion; 
and (b) nitrogen peroxide (NOz), which is formed at compara- 
tively low temperatures by the reaction of nitric oxide and 
oxygen. In this investigation, concentrations of oxides of nitro- 
gen are reported as equivalent nitrogen peroxide, although both 
oxides probably are present in the cooled exhaust. gases. 

Fig. 7 shows the concentration of oxides of nitrogen in rela; 
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tion to fuel-air ratio. The results indicate that the concentra- 
tion of these gases may be affected by both speed and engine de- 
sign. The occurrence of a maximum at fuel-air ratios between 
0.025 and 0.045 can be explained by the effects of temperature 
and oxygen concentration on the equilibrium of the reaction of 
oxygen and nitrogen to form nitric oxide. The concentrations 
shown in Fig. 7 are within the range of those observed by other 
investigators (11, 12) using an experimental compression-igni- 
tion engine. 

The possible significance of oxides of nitrogen in relation to 
internal-combustion-engine operation has been suggested by 
Hanson and Egerton (18), who have shown that the rate of 
oxygen absorption by lubricating oil at 220 C is influenced greatly 
by the presence of nitrogen peroxide in concentrations compa- 
rable to those observed during combustion. According to these 
investigators, this may account for certain differences in the re- 
sults of engine tests of lubricating oils. 

Under some conditions, oxides of nitrogen may contribute to 
engine corrosion and to the odor and irritating properties of 
the exhaust. 

Oxides of Sulphur. The fuel used in these experiments was 
free of sulphur; therefore, oxides of sulphur were not present in 
the exhaust gases. However, if a fuel contains sulphur the ex- 
haust gases will contain both sulphur dioxide and sulphur tri- 
oxide, which are significant chiefly in relation to engine corrosion 
and to the odor and irritating properties of the exhaust. The 
equations given in the Appendix should be modified when the 
fuel contains appreciable quantities of sulphur. 


SUMMARY 


In an investigation by the Bureau of Mines of the hazards that 
might attend the use of Diesel engines underground the composi- 
tion of the exhaust gases from two four-stroke-cycle four-cylinder 
Diesel engines in proper mechanical condition has been deter- 
mined by precise analytical methods for fuel-air ratios ranging 
from approximately 0.01 to 0.09 lb per lb. This paper discusses 
the significance of these results in relation to combustion in the 
Diesel engine. 

The variation of exhaust-gas composition with fuel-air ratio 
is shown and indicates that combustion was essentially complete 
when excess air was present. When the two engines were operated 
in their normal range of fuel-air ratios the concentration of 
carbon monoxide never exceeded 0.12 per cent, and hydrogen 
and methane were never present in significant concentrations. 

Despite such low concentrations of carbon monoxide it was 
observed that the concentration of this gas was affected not only 
by fuel-air ratio but also by engine design and to a slight extent 
by factors that varied with engine speed. In tests of both en- 
gines the concentration of carbon monoxide reached a minimum 
at a fuel-air ratio of approximately 0.03 Ib per lb. 

Aldehydes, which are intermediate products formed in the 
direct oxidation of hydrocarbons, were present in the exhaust 
gases from both engines. The concentration of these com- 
pounds never exceeded 31 parts per million and tended to increase 
as the fuel-air ratio was decreased. Preliminary studies have indi- 
cated that aldehydes may be partly responsible for the so-called 
acrid exhaust from Diesel engines. 

Throughout the normal operating range of both engines, free 
carbon was collected on filter paper through which exhaust gas 
was passed. Under these conditions the final exhaust generally 
was clear, although the calculated quantity of free carbon in 
the exhaust gas from one of the engines ranged from 2 to 6 per 
cent by weight of the fuel. Free carbon in the exhaust increased 
rapidly at fuel-air ratios greater than the maximum ratio in the 
normal operating range, and when the concentration of free car- 
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bon reached approximately 0.3 lb of carbon per 1000 cu ft of 
exhaust gas, smoke was easily noticeable. 

The presence of aldehydes in the exhaust is indicative of chill- 
ing of direct oxidation reactions, and the presence of free carbon 
at fuel-air ratios on the lean side is indicative of chilling of de- 
structive (cracking) combustion reactions occurring in locally 
overrich regions. These observations support the outline of the 
combustion process in the Diesel engine suggested by Boerlage 
and Broeze (8, 9). 

In the normal operating range of one engine the potential 
heat lost in the products of incomplete combustion was between 
1.5 and 5.5 per cent of the energy in the fuel. Such low losses 
might not be detected unless precise methods of analysis were 
used to determine the products of incomplete combustion. 

The significance of oxides of nitrogen and oxides of sulphur 
in relation to the operation of internal-combustion engines is 
discussed briefly. 
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Appendix 
CALCULATION OF RESULTS 


The following nomenclature applies to the terms in the equa- 
tions given in this section: 

CO2, CO, CHu, Hs, O2, Ne = respectively, the percentage by 

volume of carbon dioxide, carbon monoxide, methane, 

hydrogen, oxygen, and nitrogen in the dry exhaust 


gas 
H.O = water vapor in exhaust, mols per 100 mols of dry ex- 
haust gas 
c = carbon in fuel, per cent by weight 
h = hydrogen in fuel, per cent by weight 
V = volume of dry exhaust gas, cu ft (at 60 F and 29.92 


in. Hg) per lb of fuel 
= air-fuel ratio, lb of air per lb of fuel 
fuel-air ratio, lb of fuel per lb of air 
ie = carbon-hydrogen ratio calculated from gas analysis, 
mols per mol 
carbon-hydrogen ratio calculated from fuel analysis, 
mols per mol 
mols of carbon per 100 mols of dry exhaust gas, cal- 
culated from exhaust-gas analysis 
M, = mols of hydrogen per 100 mols of dry exhaust gas, 
calculated from exhaust-gas analysis 
free carbon in exhaust, per cent by weight of fuel 
free carbon in exhaust, pounds per 1000 cu ft (at 
60 F and 29.92 in. Hg) of dry gas 


In deriving the equations, the following constants were used: 
Mol volume = 379.4 cu ft of dry gas at 60 F and 29.92 in. 
Hg 
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Weight of 1 lb-mol of air = 28.98 lb 

Composition of air, percentages by volume: Carbon dioxide 
= 0.03; oxygen = 20.93; nitrogen (including other inert 
gases) = 79.04. 

The volume of exhaust gas per pound of fuel can be calculated 
from the stoichiometry of the combustion reactions by either of 
three methods: 

1 By a carbon balance, which assumes that all of the carbon 
in the fuel appears as carbon-containing gases determined in 
the exhaust-gas analysis. 

2 By ahydrogen balance, which assumes that all of the hydro- 
gen in the fuel appears as hydrogen-containing gases determined 
in the gas analysis or as water vapor which can be calculated 
from the exhaust-gas analysis by an oxygen balance. 

3 By a combined carbon and hydrogen balance, which as- 
sumes that all of the carbon and hydrogen in the fuel can be 
accounted for in the gas analysis either directly or by calculation. 
A further assumption is that the fuel contains only carbon and 
hydrogen. 

The ultimate analysis of the fuel is required in the first and 
second methods but not in the third. The three methods are 
illustrated in the following: 


VouLuME or Dry Exuaust Gas PER PounpD or FUEL 


Method 1—Carbon Balance. Mols of carbon from the fuel per 
100 mols of dry exhaust gas 


M, = CO. + CO + CH, — 0.03°........... (1) 
Mols of carbon per pound of fuel 


c 
100 X 12.01 


Mols of dry exhaust gas per pound of fuel 


c 
Thi a bes eae [3] 
Cubic feet of.dry exhaust gas per pound of fuel 
379.4c 
Sa ete cts Henle SS ele ok 4 
12.01 M, (4) 


Method 2—Hydrogen Balance. Mols of hydrogen as water 
vapor per 100 mols of dry exhaust gas 


20.96N2 
=| (Se ee 
oe ( 79.04 


Total mols of hydrogen per 100 mols of dry exhaust gas 


M, = H.O + H: + 2CH, ede reece ec ceeee {6] 
Cubic feet of dry exhaust gas per pound of fuel 
379h 
if DUlEMPeEa ie, ais [7] 


Method 3—Carbon-Hydrogen Balance. Pounds of carbon and 
hydrogen per 100 mols of dry exhaust gas 


12:01 Mie 22 O1G Mp eiacee senate catat (8] 
Cubic feet of dry exhaust gas per pound of fuel 
; 379.4 X 100 
Ce ERT Be eae I TIEOO CII ITED 9 
4 12.01M, + 2.016M, (9] 


* Average concentration of carbon dioxide in intake air. This cor- 
rection is of importance only at low fuel-air ratios and when precise 
analytical methods are used. 
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In this investigation the carbon balance, method 1, was used 
at fuel-air ratios less than the chemically correct ratio. At higher 
fuel-air ratios the hydrogen balance, method 2, was used to avoid 
errors that would have been caused by the comparatively large 
quantities of free carbon present but not determined in the gas 
analysis. Considering only random errors in gas analysis it was 
estimated that the error in V calculated by the hydrogen balance 
probably would be four or five times greater than the error in 
V calculated by the carbon balance. Therefore, even though 
the exhaust gas may contain free carbon at fuel-air ratios less — 
than the chemically correct one, there is no net advantage in 
using the hydrogen balance in calculating the results of a single 
test unless the proportion of the fuel appearing as free carbon is 
greater than the probable error in calculating V. There would be 
an advantage in using the hydrogen balance when the results of 
a large number of identical tests are averaged. 

Method 3 was not used in this investigation but has been 
included for comparison. 


Furt-Arr Ratio 
The fuel-air ratio was calculated from the volume of dry 
exhaust gas using a nitrogen balance, or 


oe 1 _ 379.4 X 79.04 1035 
a 28.98 VN, 


CarBon-HypDROGEN Ratio 


The carbon-hydrogen ratio was calculated from the gas 
analysis as follows 


where M, and M, may be calculated from Equations [1] and 
[6], respectively. 

The relation used to calculate the carbon-hydrogen ratio from 
the fuel analysis is 


FREE CARBON IN Exuaust Gas 


The free carbon in the exhaust gas, per cent by weight of fuel, 
is 


12.01 rh 
2.016 


U=c 


Free carbon in exhaust gas, pounds per 1000 cu ft of dry exhaust 
gas, is 


U 
Son sone ccudroene poe 14 
100 V [14] 
PoTEeNnTIAL Heat Lost 1n Exuavust Gas 
Potential heat in carbon monoxide 
21(C 
Btu per pound of fuel = SUSY, Best {15] 
100 
Potential heat in free carbon 
141 
Btu per pound of fuel = Be ees Yass {16] 
100 
Potential heat in hydrogen 
324(H2)V 
Btu per pound of fuel = Bee cctined {17] 


100 
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Potential heat in methane 
1012(CH,4)V 


Btu per pound of fuel = 100 
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Discussion 


H. E. Drcumr.'® The writer does not agree with the author 
in the statement that the air-fuel ratio of internal-combustion 
engines can be calculated from the exhaust-gas composition with 
an accuracy of +2 per cent. However, it is true that such a pro- 
cedure is convenient and probably of some relative value for’the 
purposes of their paper. It is generally agreed that combustion 
in the internal-combustion engine is not perfect, but the incom- 
pleteness, as evidenced by the presence of carbon monoxide in the 
exhaust gases, is not very marked. The uncertainty of deter- 
mining accurately: the small percentages of carbon monoxide in 
engine exhaust gases is well known. In addition, chemical tests 
on the condensed water vapor from the exhaust often reveal 
the presence of aldehydes (CH,O compounds) and other partly 
oxidized organic materials, as mentioned in the paper. For these 
reasons, it is the writer’s opinion that the air-fuel ratios supplied 
to the engine cannot be computed from the exhaust‘gas composi- 
tion with the 2 per cent accuracy stated. In general, it is found 
that this discrepancy becomes greater as the supplied air-fuel 
ratios become larger. 

From the comparative results obtained on the two engines 
tested, there is no doubt but that the form of the combustion 


10 Professor of Mechanical Engineering, University of Texas, Austin 
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chamber and the type of fuel-injection system are important con- 
siderations in the matter of obtaining efficient (more complete) 
combustion of the fuel. The authors did not state the general 
design of the two engines used for making these tests. The writer 
would like to inquire if engine A is an auxiliary-combustion- 
chamber type and engine B a direct-injection (open-combustion) 
design. It is unfortunate that investigators continue to use un- 
certain terminology in connection with the appearance of the 
Diesel-engine exhaust, such as “clear exhaust,”’ “generally clear,” 
“easily noticeable,’ etc. A year ago the writer presented a 
paper!! in which he asked the question: ‘‘What is clear exhaust?” 
This was defined as, ‘‘a smoke standard established with the use 
of asmoke-density meter; clear exhaust being the condition when 
the smoke meter shows 50 per cent smoke density, which is the 
point when the exhaust becomes visible to the naked eye.” 

Engine manufacturers and operators have been increasing 
jacket-water temperatures in recent years, some as high as 212 F 
at atmospheric pressure, thus taking advantage of the latent-heat 
cooling effect in addition to the sensible-heat removal. These 
higher temperatures will reduce the ‘‘chilling of direct oxidation 
reactions,’ as mentioned by the authors, and assure lower CO, 
decrease aldehydes, and reduce the free carbon in the engine ex- 
haust. There are possibilities of using sealed-water systems under 
pressure for cooling purposes. In liquid-cooled aircraft engines 
the coolant is generally ethylene glycol because of its high boiling 
(345 F) and low freezing (2 F) points, but it is inferior to water 
in other properties. 

In the usual combustion of hydrocarbons, there is a race be- 
tween thermal decomposition and hydroxylation. If the condi- 
tions favor hydroxylation, such as the use of a preheated hydro- 
carbon-air mixture and the allowance of sufficient time for the 
entrance of oxygen into the hydrocarbon molecule, there would 
be no soot. However, if conditions favor cracking, as for ex- 
ample, whenever the hydrocarbons and oxygen of the air are not 
thoroughly mixed, the heat from the combustion of part of the 
hydrocarbon cracks the remainder. 

The problem of ascertaining the nature of the active intermedi- 
ates is one of the most complicated in the field of the kinetics of 
gas reactions. Experimental evidence has been used to determine 
these radicals and the most probable sequence of the chain reac- 
tions. The initiation of these reactions depends upon the pres- 
ence of reaction centers, hot or actuated molecules at an energy 
level above the mass average, from which combustion spreads 
chainwise. A consideration of the absorption of energy in quanta 
and its correlation with the number of molecules reacting is neces- 
sary to account for the fact that combustion reactions do not 
follow the laws of mass action, as deduced from simple stoichio- 
metric equations. The success of some recent analysis to explain 
the larger number of experimental facts justifies the hope that the 
technology of combustion may be advanced from its present em- 
pirical state to a more scientific basis.. 


W. H. Sanpers.!2 The data presented appear particularly 
valuable since they have been secured by unusually skillful tech- 
nique in a type of experiment which has received comparatively 
little attention. It seems probable that work like this will be- 
come increasingly important as fuel-air ratios are raised in an ef- 
fort to make smaller and lighter engines; also as need to under- 
stand the Diesel combustion process becomes more urgent. 

Computation of fuel-air ratios from éxhaust-gas analysis has 
been found quite satisfactory. Measurements were made on a 
four-stroke-cycle industrial Diesel by three methods: (a) a large 


1 “Interpretation of Smoky Exhaust of Diesel Engines,”’ A.S.M.E. 
Oil and Gas Power Division, Préceedings of: National Conference, 
Ann Arbor, Mich., paper No. 19, 1989. 

12 Naval Ressarcks Laboratories, Washington, D. ec. 
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laboratory-type wet-test gas meter for intake air, and customary 
fuel-consumption measurements; (b) exhaust samples collected 
in evacuated bulbs for analysis with the Shepherd apparatus; 
(c) the method of addition of a foreign substance, with analysis 
before and after its mixing with the intake. Agreement to the 
order of 5 per cent was obtained. It was thought the agreement 
could have been improved by more precise gas analysis. In this 
particular case it was much more convenient to use gas-analysis 
apparatus than an orifice and surge tank large enough to insure 
steady flow. 


AurHors’ CLOSURE 


The statement that the air-fuel ratio of internal-combustion 
engines can be calculated from exhaust-gas composition with an 
accuracy of +2 per cent is based upon the results of tests of the 
N.A.C.A. (6) in which this order of agreement was observed in 
comparisons of the air-fuel ratio, calculated from the exhaust-gas 
analysis, and the air-fuel ratio determined by weighing the fuel 
and measuring the air. These results were cited only to indicate 
the probable order of accuracy to be expected in calculating air- 
fuel ratio from exhaust-gas composition; it was not our inten- 
tion to infer that this accuracy would be attained under all con- 
ditions. In fact, in a previous paper (1) we pointed out that, 
even when excess air was present, the exhaust gases in our tests 
contained free carbon which, because it was not determined in 
the gas analysis, could lead to errors of as much as 5 per cent in 
the calculated fuel-air ratio when the carbon balance was used. 
This same conclusion is evident from the results presented in 
column 9 of Table 5 of the paper, which show the proportion of 
the fuel appearing in the exhaust as free carbon. 

The attainment of a high degree of accuracy in results calcu- 
lated from the exhaust-gas analysis was not of vital importance 
in our investigation, although some consideration was given to 
this factor in an earlier paper (1). Inasmuch as Professor 
Degler has raised the question of the accuracy of calculating fuel- 
air ratio from exhaust-gas composition, the following comments 
may be of interest: 

The accuracy of methods of calculating fuel-air ratio from ex- 
haust-gas analysis by means of material balances and chemical 
stoichiometry depends upon the three following factors: 

(a) The validity of the assumption that all of the particular 
material in question is determined or can be accounted for by the 
results of the gas analysis. 


(b) The accuracy of the methods of sampling and analyzing 
exhaust gases. 

(c) The accuracy of methods of fuel analysis. 

From a study of the results of gas analysis, it was established 
that determinations of carbon-dioxide and oxygen concentration 
were, respectively, within +0.04 per cent and +0.06 per cent of 
the most probable value 99 per cent of the time. If these errors 
in gas analysis were the only consideration, it can be shown that 
the fuel-air ratio calculated by a carbon balance will be within 
+0.3 per cent of the most probable value at the chemically cor- 
rect fuel-air ratio and within +2 per cent at the lowest fuel-air 
ratio. Corresponding values for the probable accuracy of fuel- 
air ratios, calculated from a hydrogen-oxygen balance, would be 
+=1.5 per cent and +9 per cent, respectively. This effect of ran- 
dom errors in gas analysis may be of interest in conjunction with 
Professor Degler’s statement that the discrepancy in calculated 
air-fuel ratios becomes greater as the air-fuel ratios become larger 
(fuel-air ratios lower). 

The principal source of error in calculating fuel-air ratio from 
exhaust-gas analysis lies in deviations from the assumption that 
the analytical procedure determines or accounts for all of the 
material on which the material balance is based. Our results 
show that free carbon was present in the exhaust gas. In addi- 
tion, unburned fuel and, as Professor Degler points out, alde- 
hydes and other partly oxidized hydrocarbon may also be present. 
Any of these compounds if undetermined would contribute to 
inaccuracies in the calculations of fuel-air ratio. In so far as al- 
dehydes soluble in water are concerned, these were determined in 
our tests and, therefore, cannot be considered as a source of error. 
Furthermore, we do not agree with Professor Degler’s statement 
that “the uncertainty of determining small percentages of carbon 
monoxide in engine exhaust gases is well known,” because a 
method! is available for determining, with an accuracy of 
+(0.003 to 0.005 per cent, low concentration of carbon monoxide 
in mixtures of engine exhaust and air. This method was used in 
our tests. 

With reference to Professor Degler’s question regarding the 
general design of the engine, this information is given in Table 1 
under ‘combustion system.” As indicated in that table, both 
engines are of the auxiliary-chamber type. 


13 “The Determination of Carbon Monoxide in Air Contaminated 
With Motor Exhaust,”’ by M. C. Teague, Industrial and Engineering 
Chemistry, vol. 14, 1920, pp. 964-968. 
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Lateral Stiffness and Vibration in 


Engine Structures 


By RUSSELL PYLES,! OLEAN, N. Y. 


The forces tending to produce horizontal vibration in 
engine frames may be obtained from the bearing-load 
diagrams. For an eight-cylinder nine-bearing engine, the 
dominant forces occur at the center main bearing and 
bearings Nos. 3 and 7. The first major horizontal critical 
speed is the eighth order, which will come into resonance 
when the engine speed is one eighth the natural horizontal 
frequency of frame. 

In view of the difficulty of predicting the horizontal fre- 
quency of the complicated frame structure, a simplified 
empirical method of comparing stiffness of frames is given. 


NCREASED engine speed accompanied by higher brake 
mean effective pressure and a lower total weight of the unit, 
accentuates engine-vibration problems. Vibration occurs 

principally in the combustion chamber, crankshaft, and engine 
structure. Rough-running engines may result from any one or 
a combination of these. 

Combustion control and torsional vibration have been the 
subjects of much study and methods have been developed for 
handling these problems. This is not so true of frame vibration, 
probably because it has not in the past been generally trouble- 
some. However, this type of vibration is not new. Eighteen 
years ago, Ricardo? briefly discussed synchronous vibration of 
crankeases, particularly with respect to six-cylinder automotive 
engines. At this time, the six-cylinder engine was beginning to 
displace the four. The longer crankcase resulted in a lower 
natural frequency of the frames and without additional stiff- 
ness, resonant vibration was more probable. Cylinders were 
cast in pairs or threes, and bolted to the crankcase. This con- 
struction added no stiffness to the crankcase, and left it relatively 
flimsy at the middle. The advent of the enbloc crankcase seemed 
to remedy this trouble, because the stiffness of the cylinder box 
added to the crankcase raised the natural frequency of the struc- 
ture, moving serious critical speeds above the then prevailing 
running speeds. Larger stationary and marine engines have 
been relatively free from pronounced frame vibration because 
of low speeds and excessive weights, permitting the use of a large 
amount of metal with little regard for its efficient disposition. 
Heavy foundations also contribute some stiffness to the engine 
base. The trend to higher speeds and lighter engines will raise 
the frequency of the exciting forces, lower the natural frequency 
of the engine structure, and thus make the possibility of resonance 
more probable. In very light high-speed designs, crankcase 
deflections of serious magnitude may even result without reso- 
nance, but as a forced vibration. 

The broad function of the engine frame or crankcase and base 
is to carry the imposed loads and maintain proper alignment of 
all moving parts, principally pistons, rods, and crankshaft. De- 


1 Engineer, Clark Bros. Co., Inc. 

2 “‘The Internal Combustion Engine,” by H. R. Ricardo, Blackie & 
Son Limited, London, England, vol. 1, 1922, p. 205. 

Presented at the National Meeting of the Oil and Gas Power Divi- 
sion, Asbury Park, N. J., June 19-22, 1940, of Taz American So- 
CIETY OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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flection of bearing supports alters the normal load capacity of 
the bearing and at the same time permits crankshaft deflection 
which imposes additional bending stresses in the shaft. The 
question naturally arises as to what deflections are permissible. 
Considering the bearings, displacements of one bearing with 
respect to the others should be less than the oil-film thickness 
unless deflection of the shaft is allowed. Some deflection of the 
crankshaft is undoubtedly permissible, this being limited by shaft 
stress. Frame stress due to vibration deflection is not likely to 
be generally serious although frame failures have occurred. An 
important limiting factor appears to be the general discomfort 
experienced with vibration, enhanced by the appearance of 
relative movement in the engine structure. Vibratory move- 
ment to the average eye is always magnified and appears to have 
several times its actual amplitude. 


Fig. 1 CoNnvenTIONAL FRAME AND BasE ForM 

Fig. 1 indicates the conventional form of base and upper crank- 
case, bored for cylinder liners. Consider the base to be sup- 
ported at each end and a vertical load applied at the center main 
bearing. Stiffness in this plane is obviously great because of the 
depth of the continuous side walls of the water jacket and base. 
Now apply the bearing load in a horizontal plane and it is evident 
that resistance to bending is smaller. No deep sections exist in 
the horizontal plane to contribute to rigidity. Side walls of the 
base and frame are relatively flexible under horizontally applied 
load. Obviously, the critical bending plane is horizontal and 
this is borne out by experience. For this reason, this discussion 
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FIRING ORDER |-6-2-4-8-3-7-5 


5,500 LB 


Fre. 2 


is restricted to a consideration of horizontal forces and stiffness 


only. 
Forcrs ACTING AT BEARINGS 


Lateral forces within the frame spring from three sources, 
(a) gas pressure, (b) inertia forces of reciprocating parts, and 
(c) centrifugal force of rotating masses. 

Horizontal components of gas pressure and inertia are due to 
the angularity of the connecting rod. The forces are transmitted 
through the rod to the crankpin and thence to the bearings. 
Centrifugal forces transfer directly to the bearings through the 
crank webs. These forces are transmitted to the base and frame 
structure through the bearing supports. 

A polar diagram of bearing loading, made in a conventional 
manner, shows the effect of the combined gas pressure, inertia, 
and centrifugal force all taken in their proper phase relationship. 
If we take horizontal components of the polar diagram at various 
crank angles and plot them—a curve of horizontal force versus 
crank angle is obtained. This may be done for each main bear- 
ing. When these curves are considered in their proper phase, 
depending upon firing order and crank arrangement, a fair picture 
is given of horizontal loading on the engine structure. 

This general method has been used here and applied to an 
eight-cylinder four-cycle engine. The eight-cylinder engine 
may be more susceptible to frame vibration than a four or six 
because the extreme length will result in a lower natural fre- 
quency of the frame. Fig. 2 shows the crank arrangement and 
firing order for such an engine. The horizontal components at 
the bearings are indicated for the crank positions shown at a 
speed of 720 rpm. 

Figs. 3a and 3b show the polar diagram and horizontal com- 
ponents for an intermediate bearing with cranks at 180 deg, 
that is, bearings Nos. 2, 4, 6, and 8. Note that the horizontal 
components are small and the complete cycle takes up 720 deg of 
crank angle. 

The diagrams for the other intermediate bearings (Nos. 3 or 
7) with cranks at 90 deg apart are shown in Figs. 4a and 4b. The 
scales for these curves are one half those used for the inter- 
mediate bearing with cranks 180 deg apart. Comparison of the 
maximum values of the horizontal components brings out the 


FEBRUARY, 1941 


NO: 8 


Crank ARRANGEMENT AND HorizontTaL LOADING FOR AN E1GHT-CYLINDER ENGINE 


(b) 


B.D.C. 


Fic. 3 Potar Diacram anp HorizonraL Components oF LOADS 
on INTERMEDIATE MAIN BEARINGS OF AN Ergu1-CytinperR ENGINE 
AT 900 Rpm, CRANKS AT 180 Drea 
(Scale: 1 in. = 4000 Ib.) 


Fie. 4 Porar Diacram anp Horizonrat Components OF Loaps ON INTERMEDIATE Main Bwarincs or an E1GHT-CYLINDER ENGINE 
AT 900 Rem, Cranks aT 90 Duc 
(Seale: 1 in. = 8000 lb.) 


18970 LB MEAN LOAD 


@ 720 R.P.M. 
/ 


~ 


4 @900 R.P.M. 


Fig. 5b 


Fig. 5a Lert AND 5b RIGHT: PoLar DIAGRAM AND HORIZONTAL 
CoMPONENTS OF LOADS ON INTERMEDIATE MAIN BEARINGS OF AN 
Ercut-Cy.LinDER ENGINE AT 900 Rpm, CRANKS IN LINE 
(Seale: 1 in. = 12,000, lb.) 


110 


insignificant effect of bearings Nos. 2, 4, 6, and 8 on horizontal 
frame loading. It will also be noted that the horizontal-com- 
ponent frequency at bearings Nos. 3 and 7 is engine speed. The 
condition at the center main bearing is similar, as indicated by 
Figs. 5a and 5b. The magnitudes of the loads and horizontal 
components are much greater due to the cranks at each side of 
the bearing being in line, centrifugal forces adding directly. 
Horizontal components again have a frequency of engine speed. 
Loads on the end bearings are not shown because the mean 
load is even smaller than that of the intermediate bearing with 
cranks 180 deg apart. Furthermore, considering the horizontal 
frame deflections, it seems logical to fix the base at each end. 
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It is evident from inspection of the horizontal-component 
curves that only three bearings can have any major influence on 
horizontal vibration. These are the intermediate bearings Nos. 
3 and 7, and the center bearing No. 5. In Fig. 6, the horizontal 
components for these three bearings are shown in their proper 
phase relation for the firing order 1-6-2—4-8-3-7-5 of Fig. 2. 
The frequencies are all engine speed, and at any instant during 
the cycle, there are forces at two bearings acting in one direction, 
while the force at the other bearing is opposite. If the frame 
structure is considered as a simple beam fixed at the ends, these 
fundamental loads will produce deflection curves which reverse. 
Such curves correspond to the elastic curves for the second and 
third mode of vibration. The natural frame frequencies for the 
second and third modes of vibration are higher than the natural 
frequency for the first mode of vibration. But for vibration of 
the first mode, which is the lowest natural frequency, it is neces- 
sary that the fundamental forces, or their harmonics, act in 
phase in the same direction. Each of the curves of Fig. 6 may 
be broken down by a Fourier analysis into a series of sine curves 
which, when added, give the original curves. This is the same 
procedure as used in determining the harmonic coefficients in 
torsional-vibration work. At no time are the fundamental forces 
of Fig. 6 all in phase, but the harmonics of some order may come 


into phase. The phase angles for the harmonics up to the eighth 
order are given in Table 1. 


TABLE 1 PHASE ANGLES 


; Loading 
Bearing angle, Orders: 
No. eg 1 2 3 4 5 6 7 8 
3 0 0 0 0 0 0 0 0 0 
5 135 135 270 45 180 315 90 225 0 
7 270 270 180 90 0 270 270 90 0 


All harmonics are not in phase until the eighth order. This 
is the first major critical for vibration of the first mode. In 
other words, the first critical speed occurs when the engine speed 
is one eighth the horizontal natural frequency of the frame struc- 
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ture. It is further possible, by methods similar to those used 
in torsional-vibration work, to evaluate the energy of bending 
due to the eighth-order harmonics. However, to determine the 
amplitude of horizontal vibration requires a knowledge of 
the horizontal natural frequency of the structure as well as the 
amount of damping present. Herein lies the rub. 


STIFFNESS AND FREQUENCY OF STRUCTURE 


Analytical determination of the horizontal natural frequency 
of the frame structure must be based upon values for lateral 
stiffness and the mass taking part in vibratory movement. Be- 
cause of the generally complicated construction, it appears im- 
possible to arrive at a true method of establishing stiffness. 
Frame and base sections near the horizontal plane of the bearings 
contribute their full stiffness to the structure. However, the 
contribution of the A-frame legs, the upper crankcase, and lower 
base is problematical. Rigidity is further effected by the base 
support. An engine grouted into concrete certainly is more 
rigid than the same engine mounted on relatively light channels 
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in a locomotive. Estimation of the effective engine mass vi- 
‘brating horizontally is equally difficult. Horizontal-vibration 
‘amplitudes should be a maximum adjacent to the plane of load 
application, that is, at the horizontal center line of the crank- 
shaft. Cylinder heads and the upper frame being elastically 
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connected do not attain the amplitudes existing at the plane of 
the crankshaft. 

Simplifications may be made by taking moments of inertia of 
those sections adjacent to the bearings and neglecting the stiff- 
ness contribution of the upper frame and bottom of the base. 
Fig. 7 is a section through a 10 X 12-in. 720-rpm engine, and 
Fig. 8 is an enlarged view of the sections in the horizontal plane 
of the crankshaft. If it is assumed that the sections at each side 
are rigidly connected through the vertical sections under the 
bearings, moments of inertia can be evaluated about the center 
line of the crankshaft. The structure can thus be reduced to 
a simple beam supported at the ends. The natural frequency 
of such a beam can be calculated when the weight of the beam is 
known. This is done in the following Appendix. 

The limits for the effective weight of the beam are: (a) Mini- 
mum, when the weight is only that of the beam excluding all 
other engine weight; and (b) maximum, when the total engine 
weight is assumed distributed along the beam. 

For condition (a), the calculated natural frequency hori- 
zontally is F,, = 19,260 cycles per min, and for (6) F, = 3750 
cycles per min. These limits are so far apart as to be of little 
use from a design standpoint. Actually, this engine at 720 
rpm exhibits no sign of lateral vibration, which places its natural 
horizontal frequency as definitely above (8 X 720) 5760 cycles 
per min. 

After an engine is built, its horizontal frequency can be deter- 
mined experimentally by using a variable-speed motor-driven 
rotating weight mounted on the side of the base, at the same time 
taking vibrograph records. However, this is too late to be of 
any use in the design stage. 

Briefly summarizing the theoretical aspects, the forces and 
their frequencies acting to produce horizontal vibration may be 
determined. The reaction characteristics of the frame structure 
to these forces are not readily predictable, within practical limits 
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SIMPLIFIED DrsicGN CoEck METHOD 


The designer is thus forced to rely upon experience and prac- 
tice, tempered with a little theory. For some time prior to this 
investigation, an empirical method has been used for checking 
lateral stiffness of engine structures. Because the method has 
in every case resulted in frames of adequate lateral rigidity, it is 
given here. 

The frame is reduced to a simple beam supported at each end. 
Moments of inertia are taken about the center line of the crank- 
shaft using those sections of the base and frame which run the 
full length of the engine, and lie in the region of the horizontal 
center line of the shaft. These sections provide the main hori- 
zontal stiffness near the region of load application. Cross sec- 
tions of an 8 X 10!/,-in. engine and a 9 X 12-in. V-engine are 
shown in Figs. 9 and 10, respectively. The sections considered 
for horizontal stiffness are given in Figs. 11 and 12, respectively. 
Additional horizontal stiffening sections are shown in Fig. 13 
for a 9 X 12-in. vertical engine, and in Fig. 14 for a 12 < 12-in. 
V-engine. Characteristics of these engines are given in Table 2. 
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MOTIVE V-TyPr ENGINE 


It has been shown that the maximum horizontal load on the 
structure is due to the center main bearing. It is also true that 
the values of the harmonics will be proportional to the magnitude 
of the fundamental force at the center main bearing. For com- 
paring engines of a similar crank arrangement, for instance 
sixes, or twelve-cylinder V-engines, simplification permits con- 
sidering only the center-bearing horizontal load. On these 
premises, any deflection values calculated cannot be considered 
literally but only comparatively. 

The loads at the center main bearings being known from the 


TABLE 2 ENGINE CROSS SECTIONS 


Figure No. of Speed, Bore and Frame and base 
No. cylinders rpm stroke, in. material 
8 6 720 10 X 12 Both Sieh: Shee 
cast iro 
Bl 6 900 8 X 101/2 Both hie tensile 
cast iron 
12 12-V 900 9X 12 Frame—cast steel 
Base—welded steel 
13 6 900 9. 12 Frame—cast steel 
Base—welded steel 
14 12-V 800 jee se B24 Both steel casting 
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bearing-load polar diagrams, and the moment of inertia of the 
simple structure evaluated, a deflection curve for the simple 
, beam may be calculated from 


swale 
~ 48 EI, 


fmax 


These deflection curves are shown in Fig. 15 for the various 
engine sections. All of these engines except Fig. 14 have oper- 
ated over extended periods with entire absence of any lateral 
vibration difficulties. Frame failure did occur in Fig. 14 and 
was remedied by changes in the base to increase stiffness. From 
these very limited data, it can only be concluded that deflections 
as calculated of as much as 0.007 in. may be dangerous, and in- 
versely, that deflections of 0.0035 in. or less are likely to result in 
satisfactory rigidity. 


Appendix 


The natural frequency of a bar with hinged ends is given by 


mn? Elg 
JD, Ee Si (ED oan BOO Ane 
22 & (1 


where n = mode of vibration = first; 1 = length of bar = 105 
in.; H = modulus of elasticity = 15,000,000; A = cross-section 
area = 26.63 sq in.; s = specific weight of bar material = 0.26 
lb per cu in.; g = acceleration of gravity = 386 in. sec?; and 
I = moment of inertia = 6082 in.4 

Considering only the weight of the bar, and substituting in 
Equation [1] gives 

F, = 321 cycles per sec = 19,260 cycles per min 

This is the high limit for natural frequency. 

The lower limit of frequency obtains when the whole weight 
of the engine is considered as distributed along the length of the 
bar, in which case As in Equation [1] is replaced by engine- 
weight/engine-length, in this case 20,000/105 = 190 lb per in. 
of length. Substituting in Equation [1] gives 


F, = 62.4 cycles per sec = 3750 cycles per min 


This is the lower limit for natural frequency. 


3 ‘Vibration Problems in Engineering,’’ by S. Timoshenko, D. 
Van Nostrand & Co., Inc., New York, N. Y., 1927, p. 229. 
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Discussion 


C. I. Burns.‘ The horizontal forces instigating frame defor- 
mations in vertical engines are applied at the running-gear reac- 
tions. At the cylinder or crosshead guide occur the side-thrust 
reactions, comprising the gas pressure and inertia-force horizontal 
components. At the crank main bearings the side-thrust reac- 
tions occur, combined with the centrifugal force of the rotating 
parts. 

The side-thrust loads, which are of variable intensity, direction 
and point of application, impose cantilever-beam deflections and 
stresses on the conventional engine structure, resulting in trans- 
verse deformations at the cylinder heads, accompanied by tensile 
and compressive stresses normal to the bearing-load beam stresses 
discussed in the paper. Thus, the longitudinal crankcase mem- 
bers are subjected to two-dimensional stresses. In the vicinity 
of the stressed transverse members, the longitudinals are sub- 
mitted to three-dimensional primary stresses which materially 
complicates an accurate analysis. Where the unit combined 
stresses run high, just below the endurance limit or the elastic 
limit of material, failure of the frame may be caused by abrupt 
discontinuity in cross section or by surface finish and high notch 
sensitivity of material. Fatigue frame failures are progressive 
and originate at points of high stress concentrations. 

Rapid combustion subjects the engine structure to a shock load- 
ing which may be considerably in excess of the apparent static 
load and an approximate coefficient of impact may be obtained 
by considering the time rate of pressure rise of the main bearing 
load and side-thrust diagrams. 

With a view toward the reduction of forced crankcase-vibration 
amplitudes, the importance of a prudent combination of bearing 
loadings is suggested by a consideration of a few characteristics. 
For completely counterbalanced opposed-crank throws, the polar 
bearing-load diagram for four-stroke engines would indicate that 
the predominant load both in intensity and rate of change is down- 
ward, due principally to the gas pressure; the horizontal loads, 
which are gradually applied, arise from secondary inertia forces. 
When in-line throws are employed, as in the case of center bear- 
ing of six-cylinder engines, the loads are of high intensity and 
the polar diagrams are nearly constant in form, due to the high 
centrifugal force. The intermediate-bearing polar diagrams in- 
variably show the most erratic characteristics both as to form and 
intensity. Several rapid reversals in direction and of moderate 
intensity usually occur at intermediate bearings of six-cylinder 
engines. The end main bearings generally are the least in magni- 
tude but have several directional variations. The deflection 
effects on the crankcase beam are dependent upon the relative 
positions of the crankpins, the cyclic relation of each, the engine 
speed, and the nature of the combustion process. 

In both V- and W-type engines, polar main-bearing diagrams 
reveal markedly greater horizontal force components but this is 
compensated for by the inherently stiffer shape of the housings 
for accommodating the cylinder banks. In very large marine 
engines, frame stresses and deflections originating from rolling 
and impact, should be analyzed. 

The manner of fitting the engine mounting, in addition to the 
relative stiffness of frame and foundation, has a pronounced ef- 


4 Assistant Engineer, New York Navy Yard, Brooklyn, N. Y. 
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fect on the degree of integrated rigidity between the engine struc- 
ture and the seating upon which depends the resultant stresses, 
deformations, and natural frequency of vibration. For example, 
the maximum-deflection ratio of a beam fixed at both ends to a 
beam simply supported is 1 to 4 when a concentrated central 
static load is applied. 

Some additional variables which contribute to the dilemma of a 
rational analysis are secondary stresses, rate of loading of each 
member, elastic and resilient moduli, degree of discontinuity of 
sections, variations in individual cylinder working-substance per- 
formance and variations of load and speed within the operating 
range of the engine. 


P. M. Hetpr.6 The writer’s experience has been confined to 
automotive engines, and what follows has reference to this type. 
In the development of these engines, as we passed from the single- 
and the two-cylinder to the four, the six, and the eight-in-line, 
each increase in length and accompanying increases in speed and 
combustion pressure made certain vibration problems more acute. 
Trouble arose from both torsional vibration of the crankshaft and 
transverse vibration of the engine block. Engines, in which this 
latter type of vibration is pronounced, are usually referred to as 
“rough.’”’ It took a long time to realize that a vertical engine 
will vibrate more readily in the horizontal than in the vertical di- 
rection, since both of the exciting forces, the gas pressure and the 
inertia, are vertical. It is the writer’s belief that the discovery 
that the vibration of rough engines is predominantly horizontal 
was made only after vibration-recording instruments had been 
made available to the engine builders. 

Six-cylinder engines were used in stock automobiles in this 
country as far back as 1905, and the eight-in-line was introduced 


5 Engineering Editor, Automotive Industries, Philadelphia, Pa. 
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in 1921. However, up to the late 1920’s, most crankcases of six- 
and eight-cylinder automobile engines were mere shells, with a 
number of transverse bulkheads supporting the bearings. What 
little transverse horizontal rigidity these crankeases had was due 
mainly to the deck carrying the cylinders, and to the flange run- 
ning around the lower edge. At first this flange was made only 
sufficiently wide to support the gasket, but in some of the later 
engines its width was practically doubled. So far as the writer’s 
recollection goes, the first engine with a crankcase obviously de- 
signed to provide great transverse rigidity was a bus engine with 
an aluminum crankcase brought out by Waukesha in 1929. In 
this there was a substantial box section extending along the bot- 
tom of the crankcase on either side. In addition to transverse 
rigidity, great vertical rigidity also was aimed at, by making the 
crankcase of more than the usual depth and submerging the 
lower half of the cylinder block in it. With aluminum, of course, 
a greater stiffness of form is necessary, because the modulus of 
elasticity is less than that of cast iron. While the box section at 
the bottom of the crankcase sides has been adopted by a number 
of other designers, the use of channels, as shown in the author’s 
Figs. 7 and 8, is now more common. In the automobile engine, 
these channels form part of the crankcase itself, rather than of the 
base. Also, the channel may be open either to the outside or 
the inside, and if the latter, the upper flange usually blends into the 
side of the crankcase with a large radius. 

Owing to the complicated shape of the crankcase, it is, of 
course, impossible to make an accurate calculation of its trans- 
verse rigidity. The author’s method of calculating it, by consid- 
ering only the principal sections contributing to it, is interesting 
and should give satisfactory results, especially if a check can be 
made by applying the method to data from engines which proved 
successful and others which failed because of insufficient block 
stiffness. 


The Combustion-Gas Turbine 


By J. T. RETTALIATA,! MILWAUKEE, WIS. 


The numerous obstacles in the path of the development 
of the modern combustion-gas turbine have been ade- 
quately surmounted. Years of metallurgical and aero- 
dynamical research, resulting in better materials and an 
efficient compressor, are the factors which contributed 
most to the realization of a commercial gas turbine. Its 
advantages, when compared with other methods of power 
production, are manifold. Many new uses to which it 
can be profitably applied are anticipated when additional 
experience is obtained. 

This paper deals with the development and theory of 
the gas turbine, as well as the features which make it 
possess attractive potentialities for certain classes of 
service. 


ceiving publicity both in this country and abroad. Such 

recent attention may cause it to be erroneously regarded 
as an invention of modern times, whereas, in reality, the first 
patents were taken out on one during the latter part of the 
eighteenth century. Even at that early date engineers appre- 
ciated the advantages of a prime mover having rotary motion 
and also being devoid of the complexities existing in a steam plant. 
With a background of so many years it is natural to inquire why 
the cycle has not found practical application before now. 

In the early days the main difficulties with the gas turbine 
unit were the lack of available materials to withstand the high 
temperatures needed to produce good over-all thermal efficiencies, 
and a compressor of adequate efficiency so as to make the cycle 
feasible. Only in recent years have these two obstacles been 
overcome—today’s better materials enable temperatures of 
1000 F to be used; and an axial compressor, upon which years 
of aerodynamical research have been spent, affords the necessary 
high-efficiency compressor unit. 

Strangely enough, the advent of the steam turbine both in- 
hibited and aided the development of the gas turbine. Interest 
in the gas turbine waned in favor of the steam turbine, but it is 
primarily the progress in the development of materials for the 
latter that has been responsible for the realization of a commer- 
cial gas turbine. Its present stage of development and its future 
prospects were discussed recently by A. Meyer (1)? whose com- 
pany, Brown-Boveri, has pioneered in the development of the 
gas turbine. 


My PRESENT the combustion type of gas turbine is re- 


Gas-TuRBINE AxIAL-CoMPRESSOR UNIT 


A modern gas-turbine axial-compressor unit is shown in Fig. 1. 
A five-stage reaction-type gas turbine A is directly coupled to B, 
a fifteen-stage axial compressor. Air from the atmosphere enters 
the compressor where its pressure is raised. Part of the air dis- 
charged from the compressor is used for combustion purposes in 
the oil burner C; the remaining air flowing through the annular 


1 Steam Turbine Department, Allis-Chalmers Manufacturing Com- 


pany. Jun. A.S.M.E. 
2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 


Presented at the National Meeting of the Oil and Gas Power Divi- 
sion, Asbury Park, N. J., June 19-22, 1940, of Taz Amprican So- 
CIETY OF MECHANICAL ENGINEERS. 
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space and cooling the products of combustion to a satisfactory 
turbine inlet temperature. The gas, a mixture of air and com- 
bustion products, then expands through the turbine from which 
it is exhausted to the atmosphere. The power developed by the 
turbine is greater than that required by the compressor and the 
excess power is supplied to the generator D. In order to start 
the unit from a standstill, a motor # is provided to bring the 
unit up to about 25 per cent of normal speed at which point 
the turbine is capable of driving the compressor. 

The unit is controlled by a speed governor connected to the 
fuel-oil supply. In this way the inlet-gas temperature to the tur- 
bine is varied, thus changing the power developed by the 
turbine. An emergency governor actuates a by-pass valve 
around the turbine when a designated overspeed is exceeded. 
The turbine and compressor are connected through a solid 
coupling which enables their equal axial thrusts to neutralize 
each other, thus eliminating the necessity of balance pistons. 

In Fig. 2 is shown a view of a partially assembled gas-turbine 
axial compressor with the top half of the casing removed. This 
unit is rated at 23,000 cfm of air at standard conditions. The 
turbine, at the left, is mounted on a common bedplate with the com- 
pressor at the right. Proceeding from left to right along the 


Fie. 1 THe Gas-TurBINp Powrr UNIT 


B-—axial_ compressor; C—oil burner; 
E—starting motor.) 


(A—gas turbine; D—generator; 


ParTIALLY ASSEMBLED GAS-TURBINE AXIAL-COMPRESSOR 
UNIT 
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turbine shaft are located: The emergency governor and the ex- 
posed head of its stop bolt whose radial movement releases the 
trip mechanism of the by-pass valve upon the attainment of a 
predetermined overspeed; a turbine shaft bearing; a labyrinth 
sealing gland composed of radially projecting fins on the shaft 
which rotate with close clearances in narrow grooves in the casing; 
the turbine inlet opening; six rows of radial clearance reaction 
blading; the turbine exhaust opening; a labyrinth sealing gland 
(not visible); a shaft bearing; and one half of the solid coupling 
at the end of the turbine shaft. 

Continuing in the same direction along the compressor shaft 
can be seen: The compressor half of the coupling which engages 
the half coupling on the end of the turbine shaft; a shaft bearing; 
a labyrinth sealing gland similar in construction to that previously 
described in the case of the turbine; the compressor intake; 
twenty-one rows of blading; the discharge opening; a labyrinth 
sealing gland (not visible); a shaft bearing; and coupling to 
which a reduction gear is connected. 

Supplementing the turbine and compressor with a generator, 
combustion chamber, fuel controls, and a lubrication system 
completes the power plant. 

The turbine cylinder is made of molybdenum cast steel and is 
split on the horizontal center line. Both inlet and outlet nozzles 
are located in a vertical plane; the inlet nozzle being cast in one 
piece with the upper cylinder half and the exhaust nozzle being 
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cast in one piece with the lower cylinder half. A by-pass con- 
nection is furnished joining the inlet and exhaust through a 
safety valve. 

The casing is provided with a sufficient number of ribs and stay 
bolts designed to maintain its shape yet permitting it to expand 
freely, 

The gas-turbine spindle is made of a solid chrome-nickel-steel 
forging. The bladed spindle can be seen in Fig. 2. 

Cylinder and spindle blades are made of stainless steel. These 
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blades, with spacer pieces, are shown in Fig. 3. The cylinder 
blades are made from a straight rolled section, whereas, the ta- 
pered spindle blades are milled from solid bar stock. The cyl- 
inder blades are held in place by the combined action of spacer 
pieces and the coincidence of a slot in the blade and a projecting 
ring in the groove, The spindle blades are securely fastened by 
the engaging of the upset end of the blade with serrated spacer 
pieces. 

Labyrinth glands are provided where the spindle ends pass 
through the casing. Sealing air is taken from the compressor 
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discharge and injected at a suitable point along the labyrinth in 
order to prevent gas from leaking to atmosphere. Separate valves 
are provided in the sealing lines to both glands. 

The turbine spindle is carried by two special roller bearings. 
Lubricating oil is supplied to individual spray nozzles at a pressure 
of 25 to 30 psi, gage. 

A solid coupling is provided to transmit the torque from the 
turbine to the compressor. 

The compressor casing consists of a cast-iron cylinder, hori- 
zontally split, with inlet and outlet openings directed vertically 
upward and cast together with the upper half. 

The compressor rotor is of forged steel consisting of two parts: 
a drum with one shaft end, and a shaft end having a hollow cylin- 
der for the spindle proper. The hollow cylinder is shrunk onto 
the drum and locked. Labyrinth sealing glands are provided on 
the rotor ends where the shaft emerges from the casing. The 
bladed rotor can be seen in Fig. 2. 

The cylinder and spindle blades, shown in Fig. 4, for the com- 
pressor are made of 5 per cent nickel steel. The types of root 
fastening are similar to those described for the gas turbine. The 
cylinder blades are milled and cam ground to varying sections 
that increase in area in a radial direction toward the center of 
rotation. Such contours are required by aerodynamic theory in 
order to give a high-efficiency axial compressor. 


Tue Gas Cycle 


The combustion-gas turbine operates on the Brayton cycle 
consisting of two isentropic and two isobaric lines. 


RETTALIATA—THE COMBUSTION-GAS TURBINE 


The theoretical cycle on the pressure-volume plane is shown in 
Fig. 5. The isentropic compression in the compressor is repre- 
sented by AB. The isobaric addition of heat in the combustion 
chamber is shown by BC. Line CD depicts the isentropic ex- 


. pansion in the turbine. The assumption of a closed cycle requires 
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Fig. 6 Tue THEORETICAL CycLE ON A TEMPERATURE-ENTROPY 
PLANE FOR THE COMBUSTION-GAS TURBINE 


that the exhaust gas be cooled along the constant-pressure line 
DA. The energy theoretically required to compress one pound 
of air in the compressor is represented by the area HF BA. The 
energy liberated by one pound of gas expanding in the turbine 
is shown by the area EFCD. Consequently, the difference be- 
tween these two areas, ABCD, would represent the theoretical ex- 
cess energy available for power purposes. 

In a steady-flow reversible process the compressive and ex- 
pansive energies per pound are equivalent to area 


Pi 
EFBA = afi Va, SUP eae eee es 
Pi 


and area 
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Py 
EFCD = ap Venare 
Po 


respectively; therefore, the excess energy may be expressed as 


area 
Pi Pi 
ABCD = iE Veo dP a uy, Vaz dP ste ew eee {3} 
P, P2 


Using perfect gas relationships, Equation [3], upon integration 
and substitution of limits, becomes, in units of Btu per pound 


k-1 
Vee k | 
Ah = —— P,\(Vo—V =f) o* 
eae a hee oR of (7) | iy 
where k = isentropic exponent of fluid in cycle; P: = pressure 


at compressor discharge and turbine inlet, psi, abs; P, = 
pressure at compressor intake and turbine exhaust, psi, 
abs; Vc and Vg = specific volumes, at turbine inlet and 
compressor discharge, respectively, cu ft per lb. 
The theoretical cycle on the temperature-entropy plane is 
shown in Fig. 6. The nomenclature is similar to that used in 
Fig. 5. The excess energy, in Btu per pound, will be 


Ahasep = Cp ((Te— Tp) —(Ta—T,))....:..005 (5) 


where c, = specific heat of fluid at constant pressure; and 
Ts, Tz, Tc, Tp = temperatures, in degrees Fahren- 
heit abs, at compressor intake and discharge, and 
turbine inlet and exhaust, respectively. 


Referring to Equation [5], the excess energy in Btu per pound 
is equivalent to the product of the specific heat at constant pres- 
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DIAGRAM SHOWING THEORETICAL AND ACTUAL CycLzEs 


sure and the difference, expressed in degrees Fahrenheit, between 
the lengths of the lines AB and CD in Fig. 6. Thus the net useful 
output of the cycle is a function of the divergence of the constant- 
pressure lines on the temperature-entropy plane. 

It must be remembered that the previous discussion on the 
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gas cycle, in the interest of simplicity, has involved only theo- 
retical considerations. In actual operation other factors which 
reduce materially the output energy must be taken into account 
when ascertaining the real excess power obtainable. 

For example, the efficiencies of the turbine and compressor 
must be considered, and also the drop in pressure between the 
compressor and turbine. The isentropic exponent k must be 
the ratio of the mean value of the variable specific heats for the 
temperature ranges involved. There must be a further, although 
slight, correction made for the larger quantity of gas flowing 
through the turbine due to the fuel added for raising the tem- 
perature of the air. The true excess energy then will involve these 
modifications and will be less than that given by Equations [4] 
and [5]. 

A theoretical and actual gas-turbine cycle are shown in Fig. 7 
on a combined temperature-entropy and enthalpy-entropy dia- 
gram for air, based on the Partington and Shilling (2) equations 
for variable molar specific heat. 

The incorporation of the enthalpy scale at the right facilitates 
the use of the diagram by eliminating the operation, shown in 
Equation [5], of multiplying the specific heat at constant pres- 
sure by the absolute temperature; the product being enthalpy. 
For convenience, the temperature scale reads directly in degrees 
Fahrenheit. 

For purposes of simplification, the composition of the gas in the 
turbine is taken as the same as the air in the compressor. This is 
essentially correct for a power cycle as the amount of fuel added 
to raise the temperature of the air is less than 1 per cent of the 
quantity of air flowing through the compressor. 

The theoretical cycle is shown by ABCD in Fig. 7, whereas 
AB’C’D' represents the actual cycle after losses have been taken 
into account. 

Assuming the fuel required to be 1 per cent of the quantity 
of air compressed, the effect of losses will result in an actual 
excess energy equivalent to 


1.01 Ahg'p'’ — Ahap’ 


per cent of the theoretical. In the actual cycle depicted in Fig. 7, 
63 per cent of the theoretical excess energy is not realized, thus 
demonstrating the importance of a highly efficient turbine and 
compressor and also the necessity of maintaining small pressure 
drops in the combustion chamber. 

In the example just discussed, the composition of the gas in 
the turbine was assumed to be identical with that of the air in the 
compressor. Some cases arise, however, wherein the turbine re- 
ceives gas of an entirely different composition, such as products 
from a chemical process. In these instances the energy per pound 
of expanding fluid cannot be obtained from Fig. 7 but must be 
determined from the thermodynamic properties of the par- 
ticular gas in question. 


AxIAL-CoMPRESsOR CHARACTERISTICS 


As mentioned previously, the governing of a power unit is 
accomplished by controlling the quantity of fuel supplied to the 
combustion chamber and thus varying the temperature of the gas 
entering the turbine. Other factors remaining constant, the ab- 
solute pressure at the turbine inlet would vary approximately as 
the square root of the absolute inlet temperature. 

The characteristics (8) of the axial-flow compressor are such 
that when operating at constant speed the volume of air at the 
intake varies only slightly with discharge pressure, as shown in 
Fig. 8. An examination of the curve will reveal that as the dis- 
charge pressure falls a small increase in suction volume results. 

When the power required by the compressor is exactly bal- 
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anced by the power delivered by the turbine, that is, when the 
excess power is zero, the temperature at the turbine inlet will 
be about 650 F. Consequently, using the relationship between 
pressure and temperature stated previously, and correcting for 
the slight increase in gas quantity at reduced pressure, the ab- 
solute inlet pressure under this new condition will be approxi- 
mately 10 per cent less than the design value. 

Therefore, the entire operating range of the unit, from no load 
to full load, is confined to that portion of the curve, Fig. 8, in- 
cluded between the normal point and point A. Thus, regardless 
of the electrical load, the unit operates very nearly at design 
values of pressure and gas flow. 

Although a reaction turbine and an axial compressor bear a 
physical resemblance to one another, the design problems asso- 
ciated with each are quite different. For instance, in the case of 
a fluid expanding in a turbine, the reheating effect, caused by 
friction in the blade passages, results in an over-all internal ef- 
ficiency better than the stage efficiency, whereas, in a compressor 
the reheat due to friction has a negative effect, and consequently 
depreciates the over-all efficiency to a value less than the indi- 
vidual-stage efficiency. 
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Fie. 8 AxtAL-CoMPRESSOR CHARACTERISTICS 


The axial type of compressor has a limited stable operating 
range at any given speed. At full speed stable operation will only 
exist down to about 90 per cent volume, beyond which point 
the compressor will commence “pumping.” This phenomenon 
occurs at reduced volumes because then the small axial velocity 
component causes the air to enter the blades at an extremely 
glancing angle, which results in loss of contact on the backs of the 
blades and subsequent unstable conditions. The axial com- 
pressor may be operated stably at reduced volumes, however, 
by decreasing the speed. In Fig. 8 the region of unstable opera- 
tion is represented by the area to the left of the broken line. 

In contrast with the type of operation exhibited by the axial 
compressor is that of the centrifugal compressor with its stable 
range extending to approximately 50 per cent volume or lower at 
full speed. However, owing to its lower efficiency the centrifugal 
compressor, unless it were elaborately water-cooled, could not 
replace the axial type for the application under consideration. 
Furthermore, due to the fact that temperature and not quantity 
control is used on these units and, as previously discussed, the 
operating range is limited to a relatively small portion of the 
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pressure-volume curve, the axial type of compressor is well 
adapted to this class of service. 


THERMAL EFFICIENCY 


For any given turbine-inlet temperature there is one com- 
pressor pressure ratio for which the thermal efficiency of the unit 
will be a maximum, as shown in Fig. 9. 

The sensitivity of the cycle to temperature is effectively dis- 
played by a doubling of thermal efficiency when the tempera- 
ture is increased from 600 to 800 F. 
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Fie. 9 THeRMAL ErricimNcy AS A FUNCTION OF PRESSURE 
Ratio ror VARIOUS TURBINE INLET TEMPERATURES—NONREGEN- 
BRATIVE CyYcLE 


(4 = turbine inlet temperature.) 


Another reason for the gas turbine remaining in the back- 
ground during its long development period may be had from the 
lower temperature curves in Fig. 9. The poor thermal efficiencies 
shown by these curves must be decreased still further when the 
lower efficiencies of the earlier turbines and compressors are taken 
into account. Small wonder then if the developers of the early 
gas turbines made slow progress when such limited temperatures 
were imposed by inferior materials. 

The highest normal operating temperature of any of the gas- 
turbine units built to date has been 1000 F. The higher-tempera- 
ture curves are exhibited to demonstrate the possibilities of pro- 
jected development. Research on blading materials, however, 
indicates that increased temperatures may be considered as 
practical in the not too distant future. 

Reference to Fig. 7 will reveal that the turbine exhaust gas is 
discharged at 612 F into the atmosphere. Such degradation of 
energy naturally hinders economical operation. One of the 
various methods by which the thermal efficiency of the gas cycle 
may be improved is by the use of a heat exchanger. In this man- 
ner the exhaust gas from the turbine may be utilized in raising 
the temperature of the air discharged from the compressor. 

The introduction of a heat exchanger must be undertaken with 
caution, however, as an excessive pressure drop through it may 
easily nullify any increase in efficiency that could otherwise be 
realized. Nevertheless, when properly designed, improved per- 
formance is readily attainable. 

By the addition of a heat exchanger (4) having a size of about 
11 sq ft per excess horsepower, the thermal efficiency of a unit 


119 


operating with a turbine admission temperature of 1000 F may be 
increased approximately 50 per cent. 

Thermal efficiency as a function of pressure ratio for various 
efficiencies of turbine and compressor is shown in Fig. 10. The 
importance of high turbine and compressor efficiencies is strik- 
ingly brought out, for increasing these efficiencies from 0.75 to 
0.90, a 20 per cent change, results in a 400 per cent increase in 
maximum thermal efficiency obtainable. 

The curves are all based on a turbine inlet temperature of 
1000 F. Their trend will naturally be upward when future ma- 
terials warrant safe operation at higher temperatures. 

It will be noticed that the peaks of the various curves occur at 
different values of pressure ratio, thus signifying the dependence 
of maximum thermal efficiency upon the correct association of 
pressure ratio with combined efficiency of turbine and compressor. 

Here again is emphasized the need of a highly efficient turbine 
and compressor. Only because the modern gas-turbine axial- 
compressor unit possesses this necessary high efficiency is the 
cycle commercially practicable today. 

The effect on thermal efficiency of a drop in pressure from the 
compressor discharge to the turbine inlet for various turbine 
efficiencies is shown in Fig. 11. No regenerator is included in the 
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cycle and the turbine inlet temperature is assumed to be 1000 F. 

The pressure drop is expressed as a ratio of turbine inlet pres- 
sure to compressor discharge pressure. Similarly, the effect of 
this pressure drop is signified by the ordinate scale showing the 
ratio of the thermal efficiency obtainable with a pressure drop 
to that which would exist in a cycle without a drop in pressure. 

The curves indicate the effect of pressure drop on thermal 
efficiency to be more pronounced at lower turbine efficiencies. 
Furthermore, the slopes of the curves increase with increasing 
pressure drops. 

Selecting values from the curves shows that a 5 per cent drop 
in pressure with a turbine efficiency of 80 per cent causes a 17 per 
cent decrease in thermal efficiency. 

Fig. 11 quite effectively demonstrates the importance of a de- 
sign free from any serious restrictions to flow. A study of the 
curves will show how the use of a heat exchanger with a pro- 
hibitive pressure drop would have a deleterious effect on the 
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(ET = turbine efficiency; Hc = compressor efficiency.) 


thermal efficiency possible of attainment with a properly de- 
signed regenerator. 

In certain chemical processes gas-turbine axial-compressor 
units are used for supercharging. High-temperature gas returned 
from the process is furnished the turbine for the development 
of power. In some of these instances the pressure drop in the 
process is high enough to reduce to zero the excess power which 
would otherwise be obtainable with a moderate drop in pressure. 
Such inefficiency is only tolerated, however, in these special 
cases where the primary concern is the delivery of air and not the 
production of power. 

Thermal efficiency as a function of the combined efficiency of 
the turbine and compressor for various compressor efficiencies 
is shown in Fig. 12. The curves are computed on basis of a pres- 
sure ratio of four and a turbine admission temperature of 1000 F. 

One important feature to recognize is that lower compressor 
efficiencies yield higher thermal efficiencies for any given com- 
bined efficiency. This results from the turbine handling larger 
quantities of energy than the compressor. Therefore, if the level 
of combined efficiency is fixed it is more advantageous to favor the 
turbine than the compressor. For instance, an assumed com- 
bined efficiency of 64 per cent could be obtained by turbine and 
compressor efficiencies of 80 per cent each, but higher thermal 
efficiency would result from an arrangement having the same 
combined efficiency yet consisting of turbine and compressor 
efficiencies of 82 and 78 per cent, respectively. 
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An examination of Fig. 12 will reveal why the axial type of 
compressor was selected to operate in conjunction with the gas 
turbine instead of the centrifugal type. In general, in the range 
of pressures and volumes in which gas-turbine units operate, the 
highest adiabatic efficiency likely to be obtained with a multi- 
stage centrifugal compressor is about 75 per cent, whereas, for 
the axial compressor it is approximately 83 per cent or slightly 
higher. Using these figures and assuming a turbine efficiency of 85 
per cent, combined efficiencies of 63.8 and 70.5 per cent can be 
obtained with multi-stage centrifugal and axial compressors, re- 
spectively. Therefore, the maximum thermal efficiency that 
could normally be realized when using a centrifugal compressor 
in the cycle would be about 12.5 per cent, as compared with a 
value of 16 per cent, an increase of 28 per cent, obtainable with 
an axial compressor. 

Thus, the early inventor endeavoring to achieve success when 
employing the centrifugal compressor was doubly penalized: 
first, by the natural limitations of a cycle operating under tem- 
peratures not sufficiently high; and, second, by the inherent 
inefficiency of the compressor itself. His colleague using the 
axial compressor fared but slightly better, for he labored under 
the same temperature restrictions and his type of compressor 
did not reach its present efficient state until comparatively re- 
cently. 


Excress PowER 


The excess power of a unit as a function of compressor ef- 
ficiency for various turbine efficiencies is shown in Fig. 13. The 
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BINE EFFICIENCIES 
(ET = turbine efficiency.) 


curves are based on a cycle with no regenerator and a turbine 
admission temperature of 1000 F. 

A manifestation of the importance of high turbine and com- 
pressor efficiencies is presented by the curves. A 20 per cent 
increase in a turbine efficiency of 75 per cent entails a 300 per 
cent increase in excess power with a compressor efficiency of 75 
per cent. 

At a given turbine efficiency the excess power increases approxi- 
mately linearly with compressor efficiency. 

By reason of its molecular weight and isentropic exponent 
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(when in superheated vapor state) being less than that of air, 


water injected into the combustion chamber will increase the 
excess power developed by a given size of gas-turbine axial- 
Such a procedure, while augmenting the 
output of the unit, is nevertheless an inefficient practice owing 


compressor unit. 


to the latent-heat-of-vaporization loss at the turbine exhaust. 
If indulged in extensively the concomitant reduction in over-all 
thermal efficiency may prove prohibitive. 

The effect of intake-air temperature on the power delivered 
by a unit is shown in Fig. 14. As may be seen from the curve, an 
increase in temperature decreases materially the output of a given 
unit. On the other hand, a unit designed for normal operation 
with an intake-air temperature of 60 F will develop approxi- 
mately 50 per cent more than rated power when the air tem- 
perature is reduced to 0 F. 

The output of a unit as affected by altitude is illustrated by the 
curve in Fig. 15. Upon examination it can be seen that high 
altitudes have an adverse effect on the power obtainable. 

If the unfavorable effect of temperature and altitude is of a 
temporary nature, as may be the case, for instance, in loco- 
motive or marine applications, it may be remedied by water 
injection. As mentioned before, however, such practice should 
be resorted to only when absolutely necessary because of the 
ensuing decreased economy of operation at such periods. 


APPLICATIONS 


At the present time the principal commercial application of 
the gas-turbine axial-compressor unit in the United States has 
been in oil refineries. Air discharged from the compressor is 
used in a process and the resulting high-temperature gases are 
expanded in the turbine, producing power, the excess of which is 
supplied to a generator. In this arrangement, no combustion 
chamber is required as the process itself acts in this capacity. 

Many gas-turbine axial-compressor units operate as super- 
chargers in the Velox boiler, developed by Brown-Boveri, where 
the boiler-exhaust gases drive the turbine. 

A 4000-kw unit has been installed in an emergency stand-by 
power station in the city of NeuchAtel, Switzerland. Its 
simplicity and independence of water facilities ideally adapt 
the gas turbine to this class of service. Recently published 
tests, conducted by Stodola (5) indicate a coupling thermal ef- 
ficiency, based on lower heating value of fuel, of 18.04 per cent 
for this unit when operating on a nonregenerative cycle with a 
turbine inlet temperature of 1000 F. This is the first unit built 
for the primary purpose of producing power. 

A 2200-hp gas-turbine locomotive, with electrical transmission, 
is being built by Brown-Boveri for Swiss Federal Railways. 

In this country Allis-Chalmers, licensees of Brown-Boveri, is 
engaged in an engineering study (6) of the possibilities of the gas- 
turbine as a drive for locomotives of larger output. Both elec- 
trical and mechanical transmissions are being studied as well as 
the merits of the hydraulic coupling. One mechanical-drive lo- 
comotive is rated at 5000 hp at the power turbines. At an ef- 
ficiency of 90 per cent this corresponds to 4500 hp at the axle. 

The over-all length is approximately 87 ft, the height over 
the cab is 15 ft, and the width 10 ft 4in. The total operating 
weight is about 500,000 Ib, or 112 lb per hp at the axle. 

There are two driving axles on each truck, the drivers being 
52 in. diameter and the total weight on them 280,000 Ib. The 
wheel base is 78 ft, which permits turning on an 80-ft turntable, 
so the cab and transmissions are designed for one-way operation. 

The power plant has been divided into two units of 2500 hp 
each, being lighter and better adapted to uniformly distribute 
the weight along the frame than a single 5000-hp unit, and also 
permitting a lower and better arrangement of the various ele- 
ments, especially the transmissions. 

The use of separate power turbines improves the performance 
as the compressor and its driving turbine can operate independ- 
ently at the best speed for the conditions regardless of the speed 
of the locomotive and the power turbine. 

The speed and power of the locomotive are controlled by a 
combination of manual and governor control of the fuel burned 
in the combustion chamber and by throttling the power turbine. 

Numerous other natural and favorable applications of the gas- 
turbine axial-compressor unit will develop from time to time and 
probably include marine propulsion, blast-furnace plants, wind 
tunnels, special power plants, and other special applications. 
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Discussion 


W. R. New.’ The 6 or more years of impending hostilities in 
Europe, prior to September 3, 1939, revived interest in power 
cycles other than the steam cycle in which pressures had already 
been increased to the critical value with initial temperatures of 
almost 1000 F. The threatened necessity for operation of large 
power plants in bombproof shelters without access to sufficient 
water; inadequate supply of petroleum derivatives, particularly 
internal-combustion-engine fuels; and adherence to even more 
rigid national economies provided them with real incentives for 
this work. 

In this country, without these incentives, suggestions to con- 
sider other power cycles as an alternative to the conventional 
steam plant have proceeded almost invariably from some very 
restricted viewpoint. The author’s paper seems to fall within 
this category. 

The simplest arithmetical calculations of the exhaust-annulus 
dimensions of gas turbines, dicharging to the atmosphere, com- 
pared, for example, with those discharging at an elevated-pres- 
sure level, convinced the writer long ago that only a closed system 
need be considered for anything but small plants or small propul- 
sion equipment where refinements could be sacrificed in the inter- 
est of great simplicity. 

The apparent necessity of excluding nonadiabatic operations 
from the turbine and continuous-flow compressor, coupled with 
the simplicity and adequacy of constant-pressure processes for 
heat exchange, immediately suggests the Joule or Brayton cycle, 
shown idealized in the author’s P-V and T-S diagrams in Figs. 5 
and 6, as the simplest choice. With the irreversibilities inherent 
in heat addition from the source and rejection to the environment 
through the entire ranges of temperature B-C and D-A, respec- 
tively, this cycle can command little attention from those inter- 
ested in primary-power generation where plant thermal efficien- 
cies of almost 32 per cent have already been reached with initial 
temperatures somewhat less than 1000 F. With the attainment 
of high thermal efficiency of the entire cycle as a major objec- 
tive, thermal regeneration between the gas streams is not to be 
introduced as of secondary importance. In effect, regeneration 
modifies the entire structure of the analysis, and is, for example, 
much more important than seeking the ultimate in efficiency of 
turbine and compressor. 

In the interest of brevity, detailed criticism of what the author 
has presented can be omitted in favor of directing attention to the 
inadequately emphasized limitations of a thermal power plant, 
functioning on the simple Joule cycle, with atmospheric pressure 
as the lower limit. The objection may, of course, be raised that 
such an enlargement of the point of view falls without the scope of 
the present treatment. On the other hand, at this time, when 
many members of the profession, less acquainted with the devel- 
opment of thermal cycles in general, and the steam-and-gas tur- 
bine in particular, may be inclined to consider the author’s con- 
tribution as a general treatment of a new type of thermal prime 
mover, it seems appropriate to point out some of the scales with 
which to measure the stature of such information. 


LyBranp Smitu.* Reliability is the great essential for marine 
machinery, in which the writer is primarily interested. Common 
sense would indicate that a rotating machine, with the only rub- 
bing parts being the two bearings, would be more reliable than a 
reciprocating machine with its inherent great multiplicity of 
rubbing and tapping parts. So far as marine practice is con- 
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cerned, all data which the writer has ever been able to gather con- 
firms common sense. Marine-turbine machinery is more reliable 
than reciprocating machinery, whether the latter be steam or in- 
ternal combustion. As a matter of fact there is very little 
trouble with marine turbines in themselves. There is much 
more trouble with their necessary adjuncts, such as condensers and 
boilers. Since the gas turbine would eliminate condensers and 
boilers, it would eliminate such troubles at the same time. 

Gas turbines as power generators are too new in the field to 
have developed actual data for operating reliability. However, 
inquiries about gas turbines used by oil companies indicate an ex- 
traordinary reliability. 

Fuel economy is very important. The data given by the au- 
thor indicate that we could not expect an immediate fuel economy 
as good as that of Diesel engines or as of the very best steam 
plants. However, there are very few central power stations with 
a thermal efficiency in excess of 30 per cent, and practically no 
marine-steam installations with a thermal efficiency in excess of 
25 per cent. All of these very efficient steam installations use 
heat traps, such as preheaters, economizers, and feedwater heat- 
ers to the utmost. Considering figures given in the paper, it 
does not appear that any gas turbine we could build immediately 
would have a fuel economy as good as our best steam plants, but 
it looks as though we might start by equaling mediocre steam 
plants and have an excellent possibility of surpassing the best in 
the not very distant future. 

The matter of weight is very important for a marine installa- 
tion. Since little attention has yet been given to making a gas 
turbine as light as possible, reliable data are not available on how 
such weights will compare with the weights of other marine in- 
stallations. It would appear probable, however, that the weight 
of a gas-turbine installation would be comparable to that of a 
steam-turbine installation, Until actual plans are made in de- 
tail for a ship installation, such an estimate can be little more than 
a hunch. 

Air supply and combustion-gas exhaust will be a special prob- 
lem for marine work. With boilers, or with internal-combustion 
engines, we only need enough air to burn fuel. With the existing 
gas turbines, it is proposed to use 5 or 6 times as much air as is 
required for combustion, in order to keep the blades cool. This 
means that an enormously greater amount of intake air, and an 
enormously greater amount of exhaust products must pass 
through the deck of the ship than is the case in any existing ships. 
Provision for such supply and exhaust will require considerable 
changes in the ship’s structure, particularly if we are not to suck 
in half the ocean when a wave breaks aboard. 

Speed control is very important in marine work. It is desirable 
to be able to control the propeller from full speed ahead to full 
speed astern by stepless gradations. The present gas turbine 
does not lend itself to such results without the use of very heavy 
and complicated electrical transmission. If the speed of a tur- 
bine is varied by controlling inlet-gas temperature, as suggested 
by the author, we might expect violent changes in efficiency, as 
would be indicated by the various curves in the author’s Fig. 9. 
These changes in efficiency would not be so important in a unit 
generally operated near full power, but would be intolerable in a 
unit which operated at low power a considerable amount of time. 
The problem of speed control must be given great study in con- 
nection with any marine application. 

It appears that the combustion-gas turbine offers great pros- 
pects of being developed into a reliable, economical, and light- 
weight unit for high powers, such as are used in marine propul- 
sion. It appears to be good enough now for some applications. 
It will improve with every advance in metallurgy enabling higher 
temperatures to be used; with advances in applied mechanics, 
enabling blades to be cooled; with advances in design, enabling 
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heat traps to recover more waste heat. It is believed that there 
is a wide field of usefulness for gas turbines in the future. It 
is hoped that all manufacturers whose work in any way would be 
involved in gas turbines or their auxiliaries will devote consider- 


-able attention to them, and will make practical developments, 


whenever possible. 


AvuTHOR’s CLOSURE 


In view of the present national-defense program, it is difficult 
to agree with Mr. New that we in this country lack the incentive 
When and if the time 
should come for the construction of such plants, the gas turbine 
would manifestly receive favorable attention as being ideally 
suited for this application, especially in remote localities where 
this type of plant is likely to be situated. 

Obviously unfounded is Mr. New’s intimation that the author 
is propounding the gas turbine as a universal substitute for the 
conventional steam plant. On the contrary, the limitations of 
the gas turbine are well recognized and, for this reason, it was 
deemed advisable to state the special applications for which it is 
particularly adaptable. In the opinion of the author, a review of 
these applications, given in the latter part of the paper, will re- 
veal that they are not excessively inclusive, thereby invalidating 
Mr. New’s relegation of the paper to the restricted-viewpoint 


' category. 


The closed system, mentioned by Mr. New, has certain advan- 
tages but their attainment is only at the expense of that desidera- 
tum of all power-generation equipment, namely, simplicity. 
The absence of water for any purpose whatsoever is one of the 
attractive features associated with the combustion turbine de- 
scribed in the paper. Practical operation of the closed system, 
however, demands a source of water to cool the gas entering the 
compressor. The principal advantage of this system lies in the 
use of increased densities with a concomitant reduction in dimen- 
sions. Since both systems operate on the same basic cycle, their 
thermal efficiencies should be essentially equal under similar 
temperature conditions. The only published information on the 
closed system which has come to the author’s attention has been 
of a descriptive nature and he awaits with interest test results on 
such a plant. 

The gas turbine, discussed in the paper, enjoys a distinctive 
advantage in that it might well be considered independent of 
geographical location as its sphere of application; air is univer- 
sally available and no special sites near water-supply systems are 
necessary. This makes it especially fitted for certain classes of 
service, among which may be included locomotive applications 
and also installations in remote localities having natural gas or oil 
available but where the water problem is acute. 

Mr. New is evidently of the opinion that the merits of the re- 
generative cycle were insufficiently stressed in the paper and con- 
sequently consigned to a position of secondary importance. The 
author is aware of the value of regeneration as a means of in- 
creasing cycle thermal efficiency and the magnitude of a repre- 
sentative increase is given in the paper as a function of heat- 
exchanger surface. In the interest of avoiding repetition the 
author purposely refrained from making extended references to 
regeneration as it had been previously covered in papers by Marks 
and Danilov (7), Meyer (4), Jendrassik (8), Tucker (9), Ret- 
taliata (10), and others. 

The author takes exception to Mr. New’s statement regarding 
the alleged inadequate emphasis placed upon the limitations of the 
gas turbine described in the paper. It is not believed any un- 
reasonable claims were made for either performance or field of 


5 Numbers (7) to (10) refer to the Bibliography at the end of this 
closure; other references are to the Bibliography at the end of the 
paper. 
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application. In fact, based upon Stodola’s (5) tests, the thermal 
efficiencies given in Fig. 9 of the paper are actually on the con- 
servative side. 

Mr. New’s attempt to caution the less informed members of the 
profession regarding the antiquity of the combustion turbine ap- 
pears to be of questionable necessity when it is stated in the very 
first paragraph of the paper that patents were taken out on this 
type of unit as early as the eighteenth century. 

The author is grateful for the constructive and authoritative 
comments of Captain Smith regarding the marine application of 
the combustion-gas turbine. 

It is appreciated that reliability is of primary importance in all 
types of vessels and this is especially true of combatant ships. 
Based upon the remarkable record of trouble-free service, estab- 
lished by the oil-refinery units, as mentioned by Captain Smith, 
there appears to be good reason to believe the gas turbine is cap- 
able of fulfilling the requirement of reliability. 

The thermal efficiency of the basic cycle, operating with a tur- 
bine admission temperature of 1000 F, will be less than that ob- 
tainable with a modern steam plant. However, with the adop- 
tion of regeneration, reheat, and elevated temperatures, it is pos- 
sible for the thermal efficiency of the gas-turbine plant to equal 
or even surpass that of today’s best central stations. Although 
the present limit in operating temperature is 1000 F, there are 
indications that it may soon be possible to go to increased tem- 
peratures by resorting to special materials and a primary turbine 
stage of the impulse type so as to confine the highest temperatures 
to a stationary-nozzle element. 

A preliminary investigation of a marine application of the gas 
turbine operating at 1000 F discloses that the weight will exceed 
that of a modern ship with steam-turbine-propulsion equipment. 
The use of higher temperatures, however, will result in a reduc- 
tion of the weight of the gas-turbine drive below that of the steam 
installation for a stipulated capacity. 

Captain Smith raises an interesting point by calling attention 
to the intake and exhaust problem associated with a marine ap- 
plication of the gas turbine. Undoubtedly the large volumes of 
air involved will necessitate modifications in existing ship design. 
The utilization of advanced temperatures will minimize the in- 
tensity of this problem to a certain extent, however, by reducing 
the quantity of air required in the cycle for a given output. 

The type of gas-turbine-propulsion equipment which would be 
used for marine applications would consist of a double-turbine 
arrangement. One turbine, driving the compressor, would de- 
liver just sufficient power to effect compression. The other tur- 
bine, connected to the propeller shaft, would receive the excess 
gas not being used by the compressor turbine. By this method, 
efficiencies at reduced powers could be improved over those ob- 
tainable with the single-turbine system, because the compressor 
and its driving turbine could operate at their optimum speed, in- 
dependent of the power turbine. Consequently, the double- 
turbine arrangement would have a flatter efficiency versus load 
characteristic. 

The author shares Captain Smith’s opinion regarding the future 
prospects of the combustion-gas turbine. Improved materials, 
enabling higher temperatures to be employed, should offer the 
necessary stimulus for the further advancement of this type of 
prime mover especially in its natural fields of application. 
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Relative “Engine Efficiencies” Realizable 
From Large Modern Steam-Turbine- 


Generator Units 


By G. B. WARREN! anp P. H. KNOWLTON,? SCHENECTADY, N. Y. 


This paper analyzes the results of tests on more than 
100 turbines under station operating conditions. The 
progress in turbine efficiency made over the last 20 years is 
shown and the analysis of the test results is carried out in 
such a way as to permit working out a system for predict- 
ing relative turbine performance. This method is given 
in detail and will permit the prediction of relative turbine 
performance for large condensing and noncondensing 
machines over a wide range of conditions. 


4 | \HERE has been a need in the power industry for publica- 
tion of the probable relative performance of large steam 
turbines from the steam-consumption and heat-consump- 

tion standpoints. The value of such data will be that potential 

purchasers and their engineers will be able tomake a more complete 
study of many alternative power-station designs, and so arrive 
at a final decision as to the conditions for building a new project 
on the basis of a sounder analysis. Further, it is believed that the 
power industry will benefit generally by a release of these data. 

There are many reasons why this has not been done in the 
past, the most important being that until the last few years 
sufficient basic test data had not been accumulated on actual 
turbine performance in the field, and a sufficiently complete cor- 
relation of the data had not been made. Recent tests of numer- 
ous turbines have helped this situation markedly and, more re- 
cently, intensive analytical work on the part of one of the authors 
and his associates has permitted a systematization of these re- 
sults which was not possible before. Consequently, we are now 
able to present test data and an analysis of these data which will 
show the probable relative “engine efficiency” of modern con- 
densing and noncondensing turbines over a wide range of pres- 
sures, temperatures, exhaust pressures, capacities, and loads 
ranging from 10,000 kw to 100,000 kw and which covers 3600-rpm 
turbines and 1800-rpm single-cylinder turbines. 

The data so presented also give a good picture of the progress 
which has been made in turbine efficiencies over the last 20 years. 

Figs. 1 and 2 show relative “turbine internal efficiency”’ for the 
larger-size condensing turbines (1800 and 3600 rpm, respectively). 

These data are based upon actual test-engine efficiencies, ob- 
tained on turbines in the owners’ plants, with test instruments 
and procedure as accurate as possible, and with turbines in good 
condition and clean. 

The points are divided into 3 groups as regards dates, viz., 

group 1, 1919-1926, group 2, 1926-1933, and group 3, 1933- 

1940. In general the reasons for this segregation are that the 


1 Designing Engineer, Turbine Engineering Department, General 
Electric Company. Mem. A.S.M.E. 

2 Steam Research and Development, Turbine Engineering Depart- 
ment, General Electric Company. Mem. A.S.M.E. 

Contributed by the Power Division, and presented at the Semi- 
Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of Tam Amerrt- 
CAN Socinry oF MrcHANICAL ENGINEERS. 

Nots: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 


first group represents low-pressure low-temperature turbines 
designed prior to 1925; the second group represents turbines 
designed during the first period of the trend toward higher pres- 
sures and temperatures, larger units, multiple valving for good 
efficiency over wide load ranges, etc.; and the third group 
represents modern turbines continuing the trend to high pressures 
and temperatures, designed since 1932. 

There are no large 3600-rpm turbines in group 1. 
3600-rpm machine has been shown in this group. 

In all, there are records of about 70 turbines tested in the 
group 1 period. These machines commonly had a single ‘‘best 
point,” and one point only for each turbine has been plotted. 

Groups 2 and 3 are multiple-valved and, for each of these tur- 
bines, several points are plotted defining the load range over 
which the machines have been valved. 

The values of ‘over-all engine efficiency” as obtained from the 
tests were corrected for calculated generator losses (or test values 
where available), calculated bearing and mechanical losses, and 
calculated leaving and exhaust-hood losses, as described later in 
this paper, so that the resulting relative efficiency values then 
represent those for turbines having zero bearing and mechanical 
losses, zero generator losses, and zero leaving and exhaust-hood 
losses. This resulting value is called “turbine internal efficiency.” 
This is, of course, to eliminate these variable losses from the 
comparison. Hence, the internal turbine losses and inefficiencies 
are all included, as are the entrance valve losses and external 
packing losses. 

The values as obtained are also corrected for superheat to a 
common value of 300 F, and for the effect of initial pressure upon 
moisture losses and reheat factor. 

In Fig. 1, a so-called ‘1925 mean curve” is drawn. This curve 
was drawn to represent a certain equation, and was intended to 
represent the most reliable test values available at the time. In 
view of the general increase in the average, the ‘1940 mean curve” 
was drawn representing the authors’ interpretations of the mean 
value of the efficiencies of the modern 1800-rpm turbine. This 
latter curve does not follow any definite equation because it is 
intended to be used only within the range of test data, and it is 
drawn so as to take into account the varying character of the tur- 
bines designed for small- and large volume flows. 

Fig. 3 shows an interesting crossplot of the deviation of the 
tests from the “1925 mean curve” plotted against the date the 
test was made. It gives an idea of the increase in turbine internal 
efficiency alone (independent of the heat cycle) over the last 20 
years which has resulted from the research work and refinements 
in design during this period. A rough calculation indicates that 
this has been worth up to the present time from 5 to 10 times its 
cost to the industry. Gains in addition to those shown have been 
made by better valving, thus further reducing the losses on the 
more recent turbines on either side of the ‘‘most economical load,” 
by reduced bearing losses and by more efficient generators. 

In 1925, when the first mean curve was developed, a theoretical 
relationship was worked out between the 1800- and 3600-rpm 
turbine efficiencies on the basis of the assumption that the ef- 
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with the following method, represent, in the authors’ 


opinion, the best reasonably simple exposition of the 


i performance of such turbines as are manufactured by 


General Electric, in sizes of 10,000 kw and larger, for 


central-station plants. The design of such turbines 


has never been exactly standardized, and one has 
only to look at Figs. 1 and 2 to see that the present 
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system of data correlation does not succeed in bring- 
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ficiency of geometrically similar turbines at different speeds would 
| be the same and, hence, the capacity of turbines of the same 
efficiency would vary inversely as the (rpm)?. 

A curve so derived from the “1925 mean curve” in Fig. 1 for 
1800-rpm turbines is shown as A-A in Fig. 2, for 3600-rpm ma- 
chines. Knowing, however, that the higher-speed machines 
would, for various reasons, not come quite up to these values, at 
that time a “more probable 3600-rpm mean curve” B-B was 
drawn. The various test values show that we have now come 
higher than this later value, and curve C-C has been drawn 
representing a “1940 3600-rpm mean curve.” This again is 
drawn so as to take into account the changing character of the 
machines at the various volume flows. 

Fig. 4 shows a comparison of the “1940 mean curves” for 1800- 
rpm and 3600-rpm condensing turbines. Also, some of these 
3600-rpm turbines are known not to have been completely clean 
internally when tested. It is believed that the 3600-rpm turbines 
on which tests are now available do not represent the state of 
development represented by the 1800-rpm machines. This is 
naturally so, since the large 3600-rpm machines are a relatively 
new development, and certain extra losses are now believed to 
be related to this higher rotative speed. Continued development 
may help this situation and result, we believe, in a greater gain 
in the next few years in 3600-rpm turbine efficiency than in that 
of 1800-rpm machines. Even so, the 3600-rpm machines show a 
substantial gain in the lower-volume flows where most of the 
modern higher-pressure turbines operate. 

As can be seen, somewhat higher efficiencies have been obtained 
(recently) on two 1800-rpm machines; one at low- and the other 
at medium volume flows. It is not yet certain whether or not 
these can be duplicated on future turbines and, hence the “mean 
curve” has not been raised to these values. 

The “mean internal-efficiency curves,” thus described and 
shown in Fig. 4, are used as the basis of the following curves, sup- 
plemented with calculations to give partial load and overload 
results, which in turn have been scrupulously compared with test 
results under the8e conditions to see that they represent the 
average of such test results, although this comparison is too 
lengthy to be presented here. 


“ENGINE EFFICIENCIES” AS A MBASURE OF TURBINE 
PERFORMANCE 


Therefore, the turbine engine efficiencies, derived in accordance 


ing all test results into agreement. This need not de- 
tract too much from the usefulness of the method, 
which has been devised to include various factors 
which directly influence turbine-generator efficiency, 
aside from what might be called the “internal design.” 

The results are intended to apply for turbines of conventional- 
design requirements, and it is expected will have some margin as 
compared with the probable test results when in good condition. 

Condensing and noncondensing turbines are covered in separate 
sections. 


1—CONDENSING TURBINES 


Fig. 5 shows the “over-all engine-efficiency ratios,” as defined 
by the turbine test code’ for condensing turbines from 10,000-kw 
rating. This over-all engine-efficiency ratio is simply another 
name for the well-known ‘“Rankine-cycle efficiency ratio,” and 
is equal to the over-all output from the generator terminals 
divided by the available power input to the turbine. 

These curves are so drawn as to show the over-all engine ef- 
ficiency at rated load, when the set is equipped with an 0.8-power- 
factor hydrogen-cooled generator, and when the rating and size of 
the exhaust are such as to give an “exhaust loss” of 4 per cent, 
and when the superheat is 300 F, and the initial pressure and tur- 
bine speed are as shown on the separate curves. 

The curves in Fig. 5 are derived from Fig. 4, and from calcula- 
tions as to the effect of initial pressure on the turbine internal 
losses, at constant initial superheat. The curves give as accurate 
a representation as can be achieved by such a simple plot and, 
together with the superheat-correction curve, Fig. 6, should be 
useful in presenting a general picture of over-all turbine-generator 
efficiency for various ratings and steam conditions. 

The actual efficiencies of individual turbines as manufactured 
by General Electric will differ from these curve values at rated 
load for various reasons; viz., actual exhaust loss different from 
4 per cent, different arrangement of controlling valves, and 
slightly different generator losses or mechanical losses. Also, of 
course, the efficiency will change at fractional loads or overloads 
as compared to the rated-load efficiency. Therefore, for more ac- 
curate prediction of the performance of a turbine for any given 
rating and steam conditions, as well as calculation of efficiency 
at loads other than rated load, corrections for these factors are 
described in the following paragraphs and figures. 

To obtain the over-all efficiency of any given machine under 
nonextraction conditions, and at all loads, it becomes necessary 
to apply the following corrections to the values obtained from 
Fig. 5, preferably in the following order: 

1 Superheat correction (Fig. 6), already mentioned in pre- 
ceding paragraphs. 

2 Correction to turbine internal efficiency for fractional and 
overload conditions, Fig. 7. 

3 Correction for generator efficiency change at other than 
rated load, Fig. 8. 

4 Correction for mechanical losses. 
for specific designs are given in Fig. 9. 


Actual mechanical losses 


3 “Test Code for Steam Turbines,” originally adopted and pub- 
lished in 1928, by THz Amprican Socipty or Mecuanicau ENGI- 
NEERS, and now competely revised, will be available in pamphlet 
form from the Society in March, 1941. 


128 TRANSACTIONS OF THE A.S.M.E. 


etl 640 
raed 
— 


OVERALL ENGINE EFFICIENCY ,% 


GEN. EFF'Y. 


ASSUMED 


Fie.5 Over-Auy ENGINE EFFICIENCIES OF LARGE GENERAL ELECTRIC CONDENSING-TURBINE-GENERATOR UNITS, VERSUS 
Ratep Loap, MpGawatTtTs 


(Drawn for 300 F initial superheat, with 4 per cent exhaust loss and 1.25 per cent mechanical loss assumed at all ratings. 
lines, 3600 rpm. Generator efficiencies assumed as shown; hydrogen cooling. 


:| |-aal ee i Va 


| | | TO OBTAIN TURBINE EFF'Y AT 


Figures on curves are throttle pressure, psi gage.) 


% OF MAXIMUM THROTTLE FLOW 


5 —— ANY INET IACSUPERHEAT: 00 


a DIVIDE EFFICIENCY AT 300°F 


FEBRUARY, 1941 


Full lines, 1800 rpm; dash 


ae SUPERHEAT BY THIS CORRECT- 


}$— = 1ON FACTOR 


oz} 


SCALE “a” 


SUPERHEAT CORRECTION FACTOR 


SBBIRARBRES 


| | mise L + 10 
a {= 1 : 
° 100 200 300 400 500 600 wos 


= ___ INITIAL SUPERMEAT, *F 


Fic. 6 THrorrte-SuPERHEAT CoRREC- 


TION FACTOR 


Fic. 


I 


XOENERATOR EFF Y 
AT RATED LOAD 


} oss ar 
= 1800 AIR COOLED 
a 5 Ga: 1800 ‘AIR COOLED GENERATOR LOSS FACTOR 
ge a 
g : 
a —t 
. 4 
é 
james 
% % % % 4 


FRACTION OF RATEO LOAD 


Fic. 8 APPROXIMATE EFFICIENCIES OF GENERAL ELECTRIC TURBINE 
GENERATORS, 3600 anp 1800 Rem, Arr- AND HypRoGEN-CooLepD 


(Curves drawn for 80 per cent power factor; for 90 per cent power factor 
add 0.15 per cent to rated-load generator efficiency; for 70 per cent power 
factor subtract 0.25 per cent from rated-load generator efficiency.) 


RATIO, EXH. TEMP. , *F ABS. 


THROT TEMP, °F ABS 


PartraLt-Loap CoRRECTION FACTOR FOR CONDENSING TURBINES 


| EFFICIENCY CORRECTION FACTOR FOR PARTIAL 
LOADS = 1L00—=(SCALE“A’ X SCALE “8") 


Pa ON CURVES |ARE SQ FTJEXH ANNULUS AREA 


400, 


MECHANICAL LOSSES, KW 


20000 30000 40000-30000 60000-70000 "90000 90000 
RATED LOAD, KW 


Fic. 9 AppRoxIMATE MrcHANIcAL Losses or CONDENSING TuUR- 


BINES VERSUS RatTeD Loap, In KinowatTrs 


(Mechanical losses are constant at all loads for any given unit; therefore, 


the per cent mechanical loss varies inversely with unit load.) 


WARREN, KNOWLTON—“ENGINE EFFICIENCIES” FROM MODERN STEAM-TURBINE GENERATORS 129 


EXHAUST LOSS CURVES 


LY = 
« i | CONDENSING TURBINES. a 
= 30} —{\-+} : 
o 
ee \ 1300 1400. 1500 
> 
fs 
2 ARE 
n No|SO_FT | RPM 
& 20 1 128 3600 
a 
2/160 | 3600 
int Sitios 3600 | 
z aererinacl 
= 4 | 249 | 3600 
x 
w 5 | 354 | 3600 
SS 
re) 6,417 3600 
7 | 497 | 3600 
@| 685 | 1800 
COUNALENT ANNULUS VELOCITY 
1S WEIGHT FLOW TO EXH X SPVOL s SSIS EDD! 
CORRESPONDING TO CONDENSER INLET,|!0| 841 | 1800 
" 


DIVIDED BY ANNULUS AREA 956 | 1800 


Too 200 300 400 800 600 700 
EQUIVALENT ANNULUS’ VELOCITY, FT PER SEC. 


Fie. 10 ExnHaust-Loss Curves ror CONDENSING TURBINES 


BH, SP VOL ,CU FT PERLE. 


3 7 20 
CONDENSER FLANGE PRESSURE, LBS ABS 


Fic. 11 Exuaust Speciric VotumgE, Cu Ft prr Ls Versus Con- 
DENSER-FLANGE PRESSURE, Psi ABs 
(Figures on curves are exhaust enthalpy, Btu per lb.) 


5 ‘‘Exhaust-loss” corrections must be applied at all loads 
(vacuum corrections are contained in these corrections), Fig. 10 
with Fig. 11. 


These results will be efficiency values at partial loads and over- 
loads, from which the nonextraction over-all engine efficiency 
versus generator kilowatt output can be plotted. From this and 
the “theoretical steam rate’”’ which can be obtained from the steam 
table* or from the steam-rate tables,> the nonextracting steam 
rate can be obtained. 


SUPERHEAT CORRECTIONS 


Fig. 6 shows the correction factors to be applied to the curves 
in Fig. 5, if the initial superheat is different from 300 F. This cor- 
rection simply shows the change in turbine internal efficiency, 
occasioned by the changes in reheat factor and moisture losses 
incident to a change of the initial superheat at any given initial 
pressure. 


FRACTIONAL LOAD AND OVERLOAD CORRECTION 


Fig. 7 shows corrections to be made to efficiencies derived from 
Figs. 5 and 6, to correct for the change in turbine internal ef- 
ficiency, due to change in load from ratedload. These corrections 
do not include any correction for change in exhaust loss, me- 
chanical losses or generator losses, which will be treated sepa- 
rately in the following paragraphs. 

The corrections are functions of the “‘inlet-volume-flow” size 
of the turbine, and the different curves reflect the variation in 
“soverning-stage” efficiency and design which is a function of 
the inlet-volume flow. In order to use the corrections, it is neces- 


4“Thermodynamic Properties of Steam,’’ by J. H. Keenan and 
F. G. Keyes, John Wiley and Sons, Inc., New York, N. Y., 1936. 

‘ “Theoretical Steam-Rate Tables,” by J. H. Keenan and F. G. 
Keyes, A.S.M.E., 1938. 


sary to make a fairly close approximation to the maximum-weight 
flow for which the turbine is to be designed, so that the weight 
flow corresponding to the 100 per cent maximum flow on the 
abscissa scale in Fig. 7 can be determined, and a weight-flow 
scale can then be substituted for the ‘“‘percentage-of-maximum- 
flow” scale. This is easily done for nonextracting conditions by 
one or two approximations. Methods for determining the maxi- 
mum-weight flow for extracting conditions are discussed later. 


CORRECTIONS FOR CHANGE IN Exnaust Lossé 


As stated previously, the efficiencies given by Fig. 5 include 4 
per cent exhaust loss at all ratings and conditions. Any actual 
turbine as designed will probably not have exactly this percentage 
exhaust loss at rated load and, in any case, the exhaust loss will 
change with changes in exhaust pressure and load. If the cal- 
culation of the efficiency of a given turbine is to be made for a 
range of exhaust pressures or loads, or both, the change in exhaust 
loss must be carefully taken into account. This requires a de- 
termination of the size of exhaust-annulus area which is to be 
provided on the turbine, and the use of the curves given in Fig. 10. 

The table in Fig. 10 shows the sizes of exhaust-annulus area 
now manufactured by General Electric as standard. The size 
most suitable for any particular turbine can be determined from 
the weight steam flow required for the rated output, the particular 
exhaust pressure being considered, and the amount of exhaust 
loss which appears economically justifiable. Exhaust-annulus 
areas usually will lie in the range between 1 and 2 sq ft per 1000- 
kw rated load, depending upon the condenser pressure, the 
amount of feed-heating extraction, ete. 

For definition and explanation of exhaust loss, the reader is re- 
ferred to the Robinson paper.* Fig. 10 is plotted as exhaust loss 
in Btu per pound exhaust flow versus equivalent exhaust-annulus 
velocity. This velocity is the exhaust-weight flow in pounds per 
second, multiplied by the specific volume of steam at condenser- 
inlet conditions, cubic feet per pound, and divided by the exhaust- 
annulus area in square feet. The individual curves of Fig. 10 
differ from each other because of different average last-stage- 
bucket velocities, different bucket shapes, and different exhaust- 
hood designs. The specific volume can be read from Fig. 11, cor- 
responding to condenser inlet conditions. 

In the region of low exhaust-annulus velocities, the exhaust-loss 
curves of Fig. 10 include the “‘extra’’ internal turbine losses which 
occur on the last few stages of the turbine at low exhaust flows. 
These losses are not strictly “exhaust losses,” but their inclusion 
as such makes for simplicity in calculation. 

The ‘percentage exhaust loss” might be considered as that 
percentage by which the output of the turbine would be increased 
were the exhaust loss to be reduced to zero and the energy so made 
available to the turbine to be utilized at the “average turbine 
efficiency,” prevailing at the conditions under consideration. 

Exhaust loss (kw) 


_ (Btu per lb loss X flow X (avg efficiency) 
i. 3412.75 


Exhaust loss (kw) 100 
Exhaust loss, 0 et | 
xhaust loss, per cen Out [2] 
or, for nonextraction operation, when the flow is the same 
throughout the turbine. 


Exhaust loss, per cent 


Exhaust loss (Btu per lb, from Fig. 10) 


= 100 ma 
a Total available energy, line to exhaust 


. [3] 


6 “Teaving Velocity and Exhaust Loss in Steam Turbines,” by 
E. L. Robinson, Trans. A.S.M.E., vol. 56, July, 1934, pp. 515-520. 
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It should be remembered that these factors are percentages 
and, therefore, not directly additive or subtractive when the 
efficiency is not 100 per cent. 

From the Btu-per-pound exhaust loss so obtained, the per- 
centage exhaust loss at each load may be determined by use of 
Equation [2] or Equation [3]. As stated, the values of efficiency 
shown in Fig. 5, are on the basis of a fixed 4 per cent value for all 
loads. If the true exhaust loss so obtained is above or below this 
4 per cent, the final nonextracting efficiency is to be decreased or 
increased by the difference in percentage of the total efficiency. 

In formula form 
Corrected efficiency = Efficiency with 4 per cent exhaust loss 

x (100 — Actual per cent exhaust loss) 


96 
This gives the final result for nonextraction operation. 


DETERMINATION OF Maximum THROTTLE FLow AND EFFICIENCY 
WHEN STEAM Is EXTRACTED FOR FEEDWATER HEATING 


It is the general practice to design turbines in the size classi- 
fication, 10,000-kw to 100,000-kw rating, so that they will de- 
velop 5/4 rated load, or full kva generator rating at 1 power 
factor, whichever is the lower, and with the amount of steam ex- 
traction for feedwater heating required by the feed-heating ar- 
rangement, as specified by the purchaser. 

The maximum-load throttle steam rate must therefore be de- 
termined by calculation of the steam-extraction requirements, 
and this steam rate, multiplied by the maximum load, determines 
the maximum-weight flow required. 

The throttle steam rate with extraction will be higher than 
without extraction by an amount depending upon the tempera- 
ture to which the feedwater is to be heated and, to a lesser extent, 
upon the number and arrangement of feedwater heaters. 

Provisions are generally made on these sizes of turbines to ex- 
tract steam at some 2 to 5 points and, generally, some latitude is 
available as to where steam may be extracted. In the November 
3, 1938, proposed ‘‘Preferred Standards for Steam-Turbine Gen- 
erators,”’ the following tentative suggestions were made for 
these extraction points at rated load: 


Turbines 10,000 kw to 25,000 kw, inclusive: 


First heater terminal temperature, 160 to 180 F 
Second heater terminal temperature, 215 to 235 F 
Third heater terminal temperature, 280 to 300 F. 


Turbines above 25,000 kw to 80,000 kw, inclusive: 


The same suggestions were made with respect to the first three 
heaters and a suggested position for the top heater was 340 to 
360 F. 


Extraction openings within these ranges can generally be pro- 
vided. Final decision on any specific proposition will, of course, 
have to be referred to the manufacturer. 

If it is desired to make studies of the extraction performance of 
turbines based upon the preceding nonextraction information, it 
may be done quite simply by the following methods: 

The efficiency of the turbine, based upon the steam which passes 
all the way through, will be the same as that given for the non- 
extracting performance at corresponding fractional flows, except 
that the exhaust loss will be decreased tc correspond to the re- 
duced flow to the condenser under the extracting conditions. The 
losses in the forward end of the machine due to the governing 
valves will vary in accordance with Fig. 7 and, hence, these curves 
are valid for this condition. 


7 “Preferred Standards for Steam-Turbine Generators (10,000-kw 
rating and above),’’ Subcommittee on Standardization of the Na- 
tional Defense Power Committee, Washington, D. C., November 3, 
1938. 
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Generally, extraction calculations are carried out on the basis 
of “state curves,” giving the conditions of the steam throughout 
the turbine at the various conditions of load and from which the 
enthalpy of the extracted steam can be determined. 

Fig. 12 and the following paragraphs show a simplified method 
of determining such state curves as will be consistent with the 
previous information given on nonextracting turbines in this 
paper. 

Fig. 13 is an enthalpy-entropy chart. Point A is the initial 
(throttle) condition for any given machine. Point Bi: is the 
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Fie. 12 Vacuum CorrecrTion CurvES 


(Note that these curves are average for several different turbines. The 
“change in load” will be slightly larger with the largest exhaust-annulus 
areas, and smaller with the smallest areas, than is shown by curves.) 


Fic. 13 ConsTrRucTION OF APPROXIMATE “STATE CuURVE”’ FOR 
EXPANSION OF STEAM THROUGH TURBINE 


terminal point after the leaving loss has taken place under non- 
extracting conditions. Point B, can be obtained from the over-all 
nonextraction efficiency as previously explained for the rated 
conditions, providing only that this is corrected for fixed losses 
and generator losses. 

Fig. 8 shows the percentage generator electrical efficiencies at 
various fractions of full load for sets with both air- and hydrogen- 
cooled generators, from !/; rated load to full kva generator capac- 
ity at unity power factor, and for units from 10,000 kw to 100,000 
kw in capacity. These curves include all of the electrical and 
windage losses in the generators and, when used together with 
the mechanical losses in Fig. 9, the over-all efficiency previously 
found can be corrected so as to determine the efficiency of the 
turbine from the initial conditions to the discharge of the last- 
stage buckets from which, by means of the well-known methods 
of finding the available energy and the used energy, point Bi, 
i.e., the end point, can be determined. 

The vertical distance Y between point Bi and C; (Fig. 13) is 
the nonextraction exhaust loss obtained from Fig. 9 and pre- 
viously used. The distance X is to Y, from the previously de- 
fined way of handling the exhaust loss, approximately as the ef- 
ficiency of the machine is to 100 per cent; and hence, the point 
D, is what we generally call the end point of the internal efficiency; 
or the end point of a turbine with ‘‘zero exhaust loss.” 

Once D, is determined for the rated load, it becomes possible 
to determine quite closely the “‘state line’’ for the various other 
stages throughout the turbine. 

If a straight line is drawn on such a Mollier diagram from 
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point A to D,, the true state curve will generally lie somewhat 
above this in the upper portion and below it in the lower portion. 
Generally it will cross about 25 per cent of the way down. 

From the standpoint of feedwater-heating calculations, the 


~ point above this crossing point may generally be neglected be- 
cause as a rule steam is not extracted for feedwater heating much 


above this point. The true state line seems to lie on an average 
about 6 Btu below this straight line, midway between the crossing 
point marked M, and D,, as shown at N;. For all practical pur- 
poses, therefore, the state line can be drawn AM,NiDj. 

The exact shape of the true state curve will depend upon the 
actual machine, but is not of great importance once the end 
points are determined. 

To find the end point under extracting conditions shown, Bn, 


_ it becomes necessary to use the exhaust loss corresponding to the 


extracting flow. This can be obtained from Fig. 10 quite readily 


‘if the exhaust flow under extraction conditions is calculated. 


’ stant. 


This can be done accurately by a complete heat-balance calcula- 
tion or, for estimating purposes, it may be done by the following 
approximations: 

Generally, the amount of steam extracted is about 1 per cent 
of the throttle flow for each 10-deg rise in feedwater temperature. 
At constant load, the throttle flow is increased about as much as 
the condenser flow is decreased, the average flow remaining con- 
Thus, if the feedwater temperature is raised 200 deg 
through: the heaters, the throttle flow will be increased 10 per 
cent and the condenser flow decreased 10 per cent. 

At lower feedwater-temperature rises, the condenser flow tends 
to be decreased more than the throttle flow is increased, and vice 
versa at higher feedwater temperatures. 

From the foregoing rough rule, it becomes possible to determine 
an approximate exhaust loss for extraction operation. 

From the corrections available from Fig. 7, it becomes possible 
to determine end points corresponding to D for rated load for 
various loads within the capacity of the turbine and generator. 
From the extraction exhaust loss determined similarly for the 
extracting exhaust flows, it then becomes possible to determine 
the end point Bz corresponding to these other loads. 

In Fig. 12, Bz1/,, corresponding to the '/,-load point, is shown 
as an example. The lower three fourths or so of the state curve 
will, in general, be substantially parallel to the “‘rated-load state 
curve,” and can be so drawn. 

On the basis thus outlined and the accompanying curves, 
it is possible to work out approximate state curves for turbines 
for the sizes and conditions covered and, if the extraction points 
are picked at the rated-load condition for pressure, etc., it makes 
available sufficient data upon which a complete heat balance may 
be secured by one familiar with the usual technique of making 
such heat balances. 

Some regularly used simplifying assumptions for heat-balance 
calculations are as follows: 

The pressure in any extraction stage will vary at loads other 
than the rated load for which it is determined in direct proportion 
to the flow below such extraction opening. 

The pressure drop from the extraction stage to the extraction 
opening is assumed to be 5 per cent, and 5 per cent additional 
from the turbine opening to the heater. 

Generally, no terminal temperature difference is assumed in 
an open or deaerating heater but, in closed heaters, a 5-deg 
terminal difference is generally used, with the drip from the 
heater coming out at the saturation temperature corresponding 
to the pressure in the heater, unless the heater is of the counter- 
flow type with special desuperheating surface or special condensate 
heat-exchanger surface, under which conditions the feedwater 
may leave the heater higher in temperature than the saturation 
temperature of the pressure in the heater, and the condensate 


may leave closely approaching the feedwater entering the heater. 
This, of course, will depend upon the specific case encountered 
and the heater-manufacturer’s guarantees. 


Exuaust Loss UnprEr Extraction Conpirions 


It is often worth while to know the true exhaust loss under 
extracting conditions which may be quite different from the 
exhaust loss under the nonextracting conditions previously dealt 
with. 

Hither the approximate condenser flow under extracting con- 
ditions as described, or the final condenser flow which can be de- 
termined from the heat-balance setup, may be used to determine 
the exhaust loss in Btu per pound flow from Fig. 10. If this is 
then multiplied by the average turbine efficiency and by the ex- 
haust flow, and divided by 3412.75, a figure is obtained in kilo- 
watts and represents the exhaust loss. This, divided by the total 
turbine output under consideration, gives the fractional relation 
the exhaust loss bears to the total output. Generally at full rated 
load this will be in the neighborhood of 60 per cent, more or less, 
of the percentage exhaust loss at the corresponding load under 
nonextracting conditions, depending upon the amount of extrac- 
tion, and the nonextraction exhaust loss. This is because the ex- 
haust loss per pound at rated load varies approximately as the 
square of the exhaust flow, and the exhaust loss in kilowatts varies 
as the loss per pound times the flow; hence, at fixed load condi- 
tions, and with the exhaust flow changing as a result of extraction, 
the exhaust loss in kilowatts, and so the percentage exhaust loss, 
varies about as the cube of the exhaust flow. 

Thus, if by virtue of a considerable amount of extraction for 
feedwater heating, the exhaust flow is dropped 15 per cent at con- 
stant load, as compared to what it would be under nonextract- 
ing conditions, the percentage exhaust loss would be only about 
62 per cent of what it would be with the same nonextracting 
load. 

This, of course, does not hold at the lighter loads, at which, as 
may be seen from Fig. 10, a reduction of flow may cause an in- 
crease in exhaust loss. 


VARIATIONS IN EFFICIENCY AND Oureut With Vacuum 


The variations in exhaust loss and available energy for changes 
in condenser pressure can be worked out accurately according to 
the preceding discussion to arrive at a family of steam-rate or 
heat-rate curves at different condenser pressures. A much simpler 
method, with accuracy high enough for many comparisons, in- 
volves the use of Fig. 12. This gives directly the net result of 
the changes in exhaust loss and available energy which come 
about with the change in condenser pressure, at constant-weight 
flow to exhaust. 

The curves in Fig. 13 are average curves for a number of differ- 
ent machines on which tests have been made. 


2—BACK-PRESSURE OR NONCONDENSING TURBINES 


In sizes from 10,000 kw to 60,000 kw, these turbines generally 
operate at 3600 rpm today, although some 1800-rpm machines 
are still built to meet certain conditions and many have been built 
in the immediate past. 

Fig. 14 shows the ‘‘turbine engine efficiency” of such machines 
at rated load for both 3600- and 1800-rpm turbines, and as a 
function of initial volume flow, with correction factors to take 
account of variations in initial pressure—back-pressure ratio. 
The shape and relative values of these curves are based on the 
analysis of tests on turbines. These curves are similar to the 
curves of Fig. 4 for condensing machines, except that they do in- 
clude leaving losses. 

The generator efficiencies may be used from Fig. 8 to obtain 
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the ‘‘over-all engine-efficiency ratio” at rated load. The mechani- 
cal losses on noncondensing machines can be assumed to be 0.75 
per cent of the rated-load kilowatts, which will be sufficiently 
correct for all ratings between 10,000 kw and 100,000 kw. 
Noncondensing turbines are usually designed so as to develop 
sufficient capacity to meet the generator rated kva at 0.9 power 
factor on an 0.8-power-factor normally rated generator. This 
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means that the turbine must develop about 1.11 times the rated 
load. This is ordinarily set as a maximum load limit, because 
to meet greater capacities than this depreciates the noncondensing 
turbine a larger amount at lighter loads than it does the condens- 
ing turbine. Corrections for such a machine for loads other than 
rated loads are contained in Figs. 15 and 16, and are applied to 
the results obtained from Fig. 14 for turbine efficiencies. 
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Fig. 16 for noncondensing turbines is similar to Fig. 10 for con- 
densing turbines, but more simply drawn. Because of the greater 
flexibility of design of the exhaust ends of noncondensing turbines, 
and because of the smaller magnitude of the exhaust losses, it is 
not necessary to specify particular sizes or exhaust stages. Gen- 
erally the exhaust is easily made proportional to the volume flow. 
There is one other point of difference between the exhaust-loss 
curves of Fig. 10 and those of Fig. 16, i.e., whereas Fig. 10 shows 
total exhaust losses, Fig. 16 shows only the difference between 
the exhaust loss at rated flow and the exhaust loss at any other 
flow. Also, it is possible, by varying the design, to shift the 
‘7ero-exhaust-loss”’ point along the abscissa scale, somewhat, to 
favor lower or higher loads. 

These values are much more dependent upon the available 
energy or pressure ratio than are the corresponding values in Fig.7 
for condensing turbines and should be applied before the gener- 
ator and mechanical losses are applied. 

Thus, by a method similar to that used for condensing ma- 
chines, the noncondensing-turbine performance may be calculated 
at partial loads and overloads. These calculations are based upon 
constant initial and exhaust pressures over the range of load. 
Corrections for small changes in exhaust pressure can be made by 
using the same curves, with proper attention paid to the volume- 
flow scale. 

Cross-CompounpD TURBINES 


Generally, it is not possible or economical to make the high- 
pressure sections of condensing turbines as efficient in the ex- 
pansion from the initial pressure down to the region between 200 
lb and 300 lb as is that of a straight 3600-rpm noncondensing 
turbine for this pressure range. Hence, an increase in efficiency 
can be obtained by combining such a noncondensing turbine with 
a 3600- or 1800-rpm low-pressure turbine into which it exhausts. 
The performance of such a combination can be obtained by 
figuring out the performance of each separately from the preceding 
data and combining them. On resuperheating turbines this proc- 
ess of separating the high- and low-pressure units must be done 
to get the steam back to the resuperheater. 

The method outlined would only give performance figures at 
a fixed “crossover” pressure between the units, but the data con- 
tained herein are sufficient to permit state lines to be drawn for 
the two combined units for ‘‘variable crossover”? conditions by 
one skilled in the art, but space will not permit presenting this 
case here. This would also apply to resuperheating arrangements. 


CONCLUSIONS 


New designs and the progress of research are continually im- 
proving the values of efficiency which can be reached. Turbines 
are operating today at over-all efficiencies which were scarcely 
thought possible a few years ago. We do not expect this progress 
to cease and, hence, these values can only be accepted as tentative. 
However, the authors do believe them to be relatively correct, 
and hope they will be of considerable value to those engaged in 
power-plant design. 


ACKNOWLEDGMENT 


The authors gratefully acknowledge the cooperation of Messrs. 
R. Gamache, E. E. Harris, C. M. Gardiner, B. O. Buckland, and 
others in the preparation of this paper. 


Appendix 


EXAMPLE 1—CONDENSING TURBINE 


Turbine Data: 


Rating, 35,000 kw; 0.8 power factor; 600 psi; 850 F; 11/2in. Hg 
abs; hydrogen-cooled generator; 3600 rpm. Turbine to be able 
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_ to carry 43,750 kw at 1 power factor, with extraction for feed- 


water heating to 322 F. 

Section 1. Calculation of approximate maximum required 
flow to throttle: 

From Fig. 5, over-all engine efficiency at 600 psi, 300 F super- 
heat, 35,000 kw for 3600 rpm is 78.8 per cent. 600 psi, 850 F is 
361 F superheat. 

From Fig. 6, superheat correction for 361 deg is 0.991. 

ce 79.5 t 
= = er ¢ 
0.991 aan 

Theoretical nonextraction steam rate for 600 psi, 850 F, 11/2 
in. Hg (from tables®) is 6.479 lb per kwhr. 

Approximate maximum-load nonextraction steam rate 

6.479 


= 8.151 kw 
0.795 8.15 lb per kwhr 


Expected rise in feed temperature = 322 F — 92 F = 230 F. 
From rule given on page 7 of this paper, increase in throttle flow 
required to hold constant load when extracting is 


230 
—— X 10 = 11.5 per cent (approximately) 
200 
Approximate maximum required throttle flow for 43,750 kw 
extracting then is 


43,750 X 8.15 X 1.115 = 398,000 lb per hr 


This is the ‘100 per cent maximum flow” for use with Fig. 7. 

Section 2. Choose actual size of exhaust-annulus area. En- 
thalpy at throttle conditions, 1435 Btu perlb. Approximate used 
energy in turbine is 

3412.75 
8.15 

Approximate enthalpy of exhaust to condenser = 
1016. 

From Fig. 11, exhaust specific volume = 420 cu ft per lb. 

For rated load, the approximate nonextraction flow is 35,000 
X 8.15 = 285,000 lb per hr. 

At this load, if we choose the 49.7 sq ft exhaust, the equivalent 
annulus velocity (Fig. 10) is 


285,000 X 420 
3600 X 49.7 


This would result in exhaust loss (curve 7, Fig. 10) of 11.3 
Btu per lb. 


= 419 
1435 — 419 = 


= 669 ft per sec 
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‘ 3412.75 
Theoretical available energy = 6 a = 526.7 Btu per lb. 
ee 2 15 t exhaust loss at this conditi 
526.7 7 © per cent exhaust loss at this condition 


This percentage loss will be reduced when extracting, and may 
be lower than is worth while to achieve. If we choose the 41.7- 
sq-ft size, the annulus velocity at the same condition would be 


49.7 
CLOe xX 


09 f 
47 809 ft per sec 


This would result in exhaust loss (curve 6, Fig. 10) of 18.0 

Btu per lb 

18.0 ae t 

526 per cen 
This latter case is, in general, more nearly in line with the 
average choice, and we will assume the 41.7 sq ft exhaust will be 
used. A still smaller size might be chosen if economically de- 
sirable. 


or 


Section 3. The calculation of nonextraction steam rate at 
various loads is given in Table 1. Specific volume of steam to 
throttle (from tables) = 1.21. Maximum volume flow to throttle 

1.21 < 403,000 
= ——__—_—— = 134 efs: 
3600 
in class C on Fig. 7, except that initial temperature is too high 
for this class, so that it becomes class B. Choose fractions of 
maximum flow to reflect shape of curve B, Fig. 7. 

Section 4. Construction of “state curves” for bleeding per- 
formance calculations: 

The enthalpy of point D, Fig. 12, can be found. 

Enthalpy at point D for any flow in Table 1 is 
item 6 

100 

With the various D points determined, state curves can be 
constructed according to Fig. 12, and described in the main text 
of this paper. Heat-balance calculations, using the particular 
heater arrangement desired, will give the amounts of steam to be 
bled from the turbine at the various bleed points at the various 
throttle flows. At each throttle flow, a table of the steam flows 
through the turbine can be made, and the power output of each 
section calculated from the flow through the section and the en- 
thalpy drop through the section according to the state curve. 
In calculating the power output of the final low-pressure section 
of the turbine, the true “end point” of the expansion is not at 
the points D. The true enthalpy in the exhaust is the enthalpy 


This volume flow puts the machine 


| entnapy atthrottle -( xX Theoretical available energy) | 


TABLE 1 
1 Percentage of maximum throttle flow.........++++.. 20 40 60 80 90 100 
Deel hroLue cows, LOyDODibDienss stecrase cteiaokslalclepaierslelsialels.e«\ 53 79600 159000 239000 318000 358000 398000 
3 Base over-all efficiency of turbine (from Section 1) = 79.5 per cent. This includes 4 per cent exhaust loss, 
1.25 per cent mechanical loss, and 98.4 per cent generator Brey 
” = 
4 Base value of turbine “internal” efficiency, per cent = 0.96 X 0.9875 x 0.984 85.1 
5 Efficiency correction factor (Fig. 7)............++0+- 0.92 0.968 0.988 1.00 0.996 1.001 
6 Actual turbine “internal” efficiency a X 5), per cent.. 78.3 82.4 84.1 85.1 84.8 85.2 
7 Equivalent annulus velocity, ft per sec............-- 226 451 677 901 1013 1128 
8 Exhaust loss (curve 6, Fig. 10), Btu per lb........... 14.0 7.0 W372 ea 2 26.6 31.7 
9 Exhaust loss (item 8 + available energy), per cent... 2.6 1.3 Jao 4.2 5.0 6.0 
10 Turbine ‘‘wheel”’ efficiency [ tem 6 — (item 9 X 
see SB SiON SAS OAC aE ES TONSMEMES AUN SOLOMISINEIN B80xGN 8 SOUL 
11 ‘Turbine wheel’ steam rate 
. eS ee AS Ter 8.49 7.96 7.90 7.95 8.04 8.09 
12 Porbiny wheel lesa ee Ty. item TA mikwerses eee 9370 19970 30260 40000 44520 49200 
13 Mechanical loss: (from Fig. 9), kw.........02020eees 290 290 290 290 290 290 
14 Generator input (item 12 — sot: SERS We eeetees ate tere sesst's 9080 19680 29970 39710 44230 48910 
15 Generator loss, per cent (from de SB) ele tte ete less 3.60 1.90 1.45 dee ulfsad 1 
TewGenerntet loss (item 1b OC Eos \, lew aN. 325 375 435 480 480 480 
17 Generator output (item 14 — item DG eye cote dice eos 8755 19305 29535 39230 438750 48430 
18 Over-all nonextraction steam rate (item 2 + item 17), 
Wii preds Teles siesta tateksrel Maka eiaicte siviietare divi uiviette.e + 9.09 8.24 8.09 8.11 8.18 8.22 
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item 6 
at D plus ( 100 
corresponding to actual exhaust flow). 
When the power outputs of the various sections are summed 
up, the mechanical losses and generator losses must be deducted 
to arrive at the generator output. 


) x exhaust loss (Btu per lb from Fig. 10, 


EXAMPLE 2—NONCONDENSING TURBINE 
Turbine Data: 
Rating, 25,000 kw; 0.8 power factor; 3600-rpm air-cooled 
generator; 1200 psi; 925 F; 250 lb gage exhaust; maximum 
capacity to be 28,000 kw at improved power factor. 


Section 1. Calculation of approximate maximum required flow, 
and “‘base” turbine efficiency: 

Theoretical steam rate (from tables®) = 18.57 lb per kwhr. 

Estimated over-all efficiency at 28,000 kw is 77 per cent. 


18.57 


Maximum-load steam rate = 07 24.1 lb per kwhr. 


Maximum flow = 24.1 X 28,000 = 675,000 lb per hr. 
Specific volume of steam at throttle (from tables’) = 0.63 cu 
ft per lb. 


TRANSACTIONS OF THE A.S.M.E. 
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675,000 X 0.63 
3600 
This places the machine being considered on curve F, Fig. 15. 
Rated-load volume flow to throttle is approximately 25,000 x 
24.1 X 0.63 = 379,000 cu ft per hr. 
“Base” engine efficiency of turbine (from curve, Fig. 14) is 


Maximum throttle volume flow = = kes Ces, 


Je 
82.7 per cent at Pan 6 


2 


iP 
Actual = = 


1215 
—— = 4.58 
265 


Pressure-ratio correction (from Fig. 14) = 0.7 per cent. 
P. 
‘‘Base” engine efficiency (« zs = 1.58 is 82.7 — 0.7 = 82.0 
2 
per cent. 
Section 2. The calculation of “steam-rate-versus-load” curve 
is given in Table 2. Choose fractions of maximum flow to reflect 
shape of curve F, Fig. 15. 


TABLE 2 
1 Percentage of maximum throttle flow............+++ 40 60 80 86 94 100 
2 Throttle How, lipenshin' es vasceon te en ness « Lemire 270000 405000 540000 581000 635000 675000 
3 ‘Base’ turbine efficiency (from Section 1) = 82.0 per cent 
4 Efficiency correction factor (from Fig. 15), per cent... 0.86 0.961 1.00 0.996 0.981 0.984 
5 Changes in exhaust loss (Fig. 16), per cent........ alone 33 0.3 0 0.3 0.6 
6 ncn ee or ie ea corso ng 0.848 0.967 0.997 1.00 0.997 0.996 
7 Corrected turbine efficiency (3 X 4 X 6), per cent... 59.8 76.2 81.8 81.7 80.2 80.4 
8 Turbine “wheel’’ steam rate 
Keheoretiop! aes zaten OO Rr ee eee 31.06 24.37 22.70 22.73 23.16 23.10 
item 
9 Turbine “wheel” load (item 2 + item 8), kw........ 8695 16620 23800 25550 27420 29220 
10 Mechanical losses (0.75 per cent of 25000 kw), kw.... 190 190 190 190 190 190 
11 Generator input, kw = (item 9 — item 10).......... 8505 16430 23610 25360 27230 29030 
12 Generator loss (from Fig. 8), per cent............... 6.1 3.5 2.8 Pf 2.5 2.4 
13 Generator loss wa Mtemil ), cw... nee 520 575 660 685 685 685 
14 Generator output (item 11 — item 13), kw.......... 7985 15855 22950 24675 26545 28345 
15 Over-all steam rate (item 2 + item 14), lb per kwhr.. 33.8 25.53 23.52, 23/64 23.92 23.82 
Addenda Discussion 


of eae purpose of this paper has been to give a working tool to 

those engineers in public utilities, industries, and consulting 
groups who are frequentiy making studies as to the relative per- 
formance of turbines at different steam conditions, vacuums, 
capacities, loads, etc. The authors hope the data will be of value. 

It is necessary to point out that this paper gives expected 
relative efficiencies only. The values obtained for any one par- 
ticular machine will probably not conform with either guaran- 
tees or tests which have been made, since, as stated in the paper: 
“Tt is expected (these efficiencies) will have some margin as 
compared with the probable test results when in good condi- 
tion.” Furthermore, inspection of Figs. 1 and 2 shows quite 
clearly that the test results of machines within the same time 
group may frequently vary + 1 per cent.or more, although re- 
cently tested machines seem to give more uniform results. There- 
fore, an analysis such as this must present an average, with some 
allowance for unfavorable conditions. 

Particular attention is directed to Fig. 12 which presents an 
easy method of making quite accurate vacuum corrections to a 
turbine guarantee or test, under either extraction or nonextrac- 
tion conditions and at all loads and over a wide variety of steam 


conditions. 
«% 


Linn Hevanper.2 The authors have presented data on the 
relative efficiencies of large steam turbines that will be of im- 
measurable value to teachers and to engineers engaged in design- 
ing or operating steam power plants. Not only are the data in a 
form which should enable engineers to use them conveniently, but 
they are also of a character which should enable the power-plant 
designer and operator to evaluate with a greater degree of accu- 
racy than heretofore the economies obtainable from the use of 
multiple-stage bleeder heaters. For the first time, as far as this 
writer is aware, data have been presented which should enable 
power-plant engineers to evaluate conveniently the effects of 
both the increased throttle flow of steam and the altered leaving 
losses which accompany the extraction of steam from turbines 
for use in feedwater heaters. 

The data will be of particular help to engineers engaged in 
making those preliminary studies which usually precede a choice 
of throttle steam pressure, throttle steam temperature, vacuum, 
and arrangement of feedwater heaters. They should free the 
power-plant engineer from the necessity of calling upon turbine 
manufacturers for numerous data on alternate designs, many of 


8 Professor of Mechanical Engineering, Head of Department, 
Kansas State College, Manhattan, Kansas. Manager A.S.M.E. 
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which will prove to be obviously unacceptable during early 
studies of heat-balance arrangements. The authors’ contribution 
should prove beneficial, therefore, not only to the power-plant 
designer and operator but also to turbine manufacturers. 

The authors have been careful to point out that the data pre- 


~ sented by them have been developed from specific designs of 


General Electric Company turbines and that they are subject 
to modification, as the art of designing turbines improves. One 
may assume also that the data should not be used indiscrimi- 
nately in making final decisions, particularly when those decisions 
relate to turbines made by manufacturers other than the General 
Electric Company. Engineers engaged in selecting condensers 
should no doubt delay their choice of size of condenser until the 
precise characteristics of the turbine to which the condenser is to 
be joined are known, and they should then obtain the proper 
vacuum corrections from the manufacturers of the turbine. 

The procedure for making vacuum corrections as proposed by 
the authors is simple. However, it does not permit evaluating 


_ the effect on vacuum corrections of gaging or the mean velocity 


of the last row of blades. Much remains to be said about vac- 
uum corrections, and we may hope that the authors, or some of 
their associates, may find a convenient opportunity at some later 
date to discuss this subject more fully. Engineers engaged in 
selecting condensers are concerned with the order of accuracy 
which may be attached to turbine vacuum corrections as they 
are now being evaluated; an exposition of the methods em- 
ployed by manufacturers in evaluating vacuum corrections 
would, therefore, be of general interest. 

The term “internal engine efficiency of a turbine’’ is employed 
by the authors to denote the ratio obtained by adding the kinetic 
energy of the leaving steam to the internal shaft work and di- 
viding the result by the isentropic-enthalpy drop. This term is 
also used to denote the ratio obtained by dividing the internal 
shaft work, exclusive of the kinetic energy of the leaving steam, 
by the isentropic-enthalpy drop. These internal efficiencies are 
obviously not the same, and some means of distinguishing them 
should perhaps be adopted. 


E. H. Krrac.? It is most encouraging that the authors have 
seen the need of operators and designers for the data contained 
in this paper. For years there has been a feeling that a sort of 
“no man’s land” existed between power-plant designers and tur- 
bine designers. The turbine designer, of course, could not know 
the intricacies of system operation and the myriad complexities 
of operating details and, at the same time, qualify as a turbine 
expert. To many power-plant operators and designers, the tur- 


_ bine designer’s work was quite mysterious, neither its possibilities 


nor limitations being clearly understood. When the power-plant 
designer appreciates some of the problems of the turbine de- 
signer, and the turbine designer is confronted by the operating 
problems raised by his “brain children,” then the optimum re- 
sult is achieved. A common ground of understanding makes it 
possible to appreciate the issues involved. 

There was a time when such data as presented in this paper were 
considered quite a trade secret, but the truth is that the educa- 


® Engineering Department, American Gas and Electric Service 
Corporation, New York, N. Y. Mem. A.S.M.E. 
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tion of the customer or user in the fundamental characteristics of 
the equipment will lead to a much more satisfactory applica- 
tion. No longer do we have a plethora of “‘base-load” single- 
valve turbines. 

May the writer point out that this paper is not quite as com- 
prehensive as would appear to be desirable. However, it is real- 
ized that it would be rather a full task to discuss the selection and 
application of prime movers. Or are we making too much of 
progressive engineering? It is but a few months ago that a 
keen longing was expressed in one technical publication for the 
“good old days” of 250-lb 600 F plants which were quite as 
efficient as those of 1250 lb 950 F, which we now have. Anyone 
reading this paper can readily see from Fig. 5 that a 200-lb 50,000- 
kw turbine has an efficiency of 81.5 per cent against 76.6 per cent 
for 1200 lb pressure. Obviously this is not the entire story. Per- 
haps the authors could be induced to explain why, in the face 
of this fact, it is still possible for high pressure and temperature 
to show an advantage. But even if they do not, let us keep in 
mind that governmental statistics indicate that the country’s 
electrical output has doubled for the same coal consumption 
during the last decade or two. It did not happen by adhering to 
the pressures, temperatures, and sizes of units of two decades 
ago. A study of this paper should show some of the reasons. 


AuvuTHoRS’ CLOSURE 


Professor Helander states that “the procedure for making 
vacuum corrections as proposed by the authors is simple. How- 
ever, it does not permit evaluating the effect on vacuum correc- 
tions of gaging or the mean velocity of the last row of blades.” 
This apparently refers primarily to the use of Fig. 12. This 
figure is, as stated in the paper, only an average, and for approxi- 
mate use only. Accurate vacuum corrections can be calculated 
by the use of the exhaust-loss curves, Fig. 10,and vacuum correc- 
tions so calculated will automatically take care of such variations 
in “mean velocity” and bucket exit angles as exist with the vari- 
ous last-stage wheels. 

There is some justification for Professor Helander’s remark re- 
garding confusion of the use of the term “internal engine ef- 
ficiency.”’ Our own practice, which we believe is consistently 
followed in the paper, is to reserve the term “internal engine 
efficiency” for denoting an efficiency of the turbine alone with no 
exhaust loss, as Professor Helander states. 

Mr. Krieg points out that a low-pressure low-temperature tur- 
bine is shown to have a better engine efficiency than one for a 
high pressure and high temperature, and raises the question as to 
the justification for high pressures and temperatures. Obviously, 
the power-plant operator is interested in the thermal efficiency of 
his plant primarily, and this is dependent first of all on the ther- 
mal efficiency of his steam cycle. As between the 200-lb and the 
1200-lb turbine whose engine efficiencies are compared by Mr. 
Krieg, there is more than 20 per cent difference in the cycle ther- 
mal efficiency which, of course, easily overbalances the change 
in engine efficiency of 5 per cent. It is expected that a presenta- 
tion of the theoretical thermal efficiencies of steam cycles can be 
made in the near future. When the theoretical cycle efficiency 
differences are thus made available, an evaluation of the net effect 
of change in cycle efficiency and change in engine efficiency will 
be comparatively simple. 
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Experience With Metals at High Tempera- 


tures for Power Plants 


By A. E. WHITE! anp C. L. CLARK,? ANN ARBOR, MICH. 


From wide experience with various metals and appli- 
‘cations of different types, in high-pressure, high-tem- 
perature power-plant service, the authors have selected 
- piping and bolting materials for detailed discussion. In 

this field, carbon-molybdenum steel is receiving the 
_ greatest amount of attention and so the properties, con- 
trol of grain size, heat-treating practice, creep rates, and 
‘kindred matters for this material are dealt with in the 
_ paper. Based on two specifications for bolting material 
) issued by the American Society for Testing Materials, the 
authors discuss the selection of properties, heat-treatment 
practice, and causes of failure in this type of material. 
The conclusion is reached that in so far as suitable alloys 
for pipes and bolts for high temperature are concerned, 
the art is yet in its developmental stage. 


HE subject of this paper is sufficiently broad so that it 
could cover experiences with many varying kinds of metals, 
as well as experiences with the metals in many different 

types of units which are subject to high-temperature service. 
For instance, in the power-plant field, experiences with the 
metals in boilers, heaters, condensers, superheaters, piping, 
fittings, valves, and turbines might be discussed. Also, the 
subject could be approached from the standpoint of the relative 
high-temperature merits of the various brasses and bronzes, 
monel metal, and, in the ferrous field, plain carbon steels, low- 
alloyed steels, and stainless steels. The subject is so inclusive, 
however, that it would appear to be desirable to limit its scope 
to experiences with piping and bolting materials. 


Pieinc ror HicgH-TEMPERATURE SERVICE 


With respect to piping, numerous alloys have been developed 
for high-temperature service. Many of these are covered in the 
specifications of the American Society for Testing Materials, 
especially in the specification for carbon-molybdenum pipe and 
in the specification for alloy-steel pipe for service from 750 to 
1100 F. In this latter specification, the alloys of molybdenum— 
low chromium, 4 to 6 per cent chromium, 13 per cent chromium, 
silicon-molybdenum, and 18-8 chromium-nickel alloys—are the 
predominant types. Each has its special application and some 
are used extensively in the petroleum field. 

The alloy for pipe in the power-plant field, which today is 
receiving the greatest amount of attention, is carbon-molyb- 
denum steel. It is used almost exclusively for high-temperature, 
high-pressure applications. It is by no means the only alloy 
which is available for this purpose, nor does it have as good high- 
temperature characteristics as some alloys which might be 
mentioned. But, for service temperatures up to 950 F and 
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possibly up to 1000 F, it is the least expensive and the most 
nearly foolproof of all the alloys which are available. For these 
reasons, it will be the only pipe material which will be discussed. 

One of the outstanding needs of those who use carbon-molyb- 
denum steel for high-temperature purposes is a simple test which 
can be used to determine the high-temperature properties of the 
metal under examination. The standard creep test is too long, 
in that it is a test which requires 1000 hr for its completion. 
Other tests have been proposed, such as Hatfield’s time-yield 
test, varying-rate tensile tests, stress-rupture tests, and others. 
None of these has proved satisfactory at a temperature of 925 F 
for this steel, possibly, because this temperature is in the strain- 
hardening range which introduces, in consequence, an un- 
controlled variant. It is possible that some one or more of these 
tests might prove satisfactory if the temperatures selected were 
substantially in the plastic rather than in the combined elastic- 
and-plastic range. 

Within the last 2 or 3 years, considerable attention has been 
focused on the metallographic method of determining acceptable 
high-temperature properties for plain-carbon and low-alloyed 
steels. The evidence to date seems to indicate that a steel, 
the normal tendency of which is to develop coarse grains, is 
preferable for high-temperature service to one in which the 
tendency is to develop fine grains. In other words, a steel which 
will show a grain size of from 3 to 6 seems to have better high- 
temperature properties than a steel with a grain size of from 7 to 8. 
Yet, grain size in itself does not appear to be the only determining 
factor for any given composition. The nature and distribution 
of the carbides in the carbide-containing grains appears to be 
of considerable importance. For instance, when the carbide 
grains assume a Widmanstitten structure, that is, one in which 
precipitation occurs in cleavage planes, better high-temperature 
properties appear to be secured than when the carbides are in 
some other form. 

The control of grain size is a function of steel-melting prac- 
tice and heat-treatment. In order that the steel-melting practice 
may be of an acceptable type, the steel should be either silicon- 
or silicon-aluminum-killed. It should not be killed with alumi- 
num exclusively. Of course, any grade of steel can be made to 
acquire a coarse grain provided it be heated to a sufficiently 
high temperature, but a properly killed steel of the type desired 
for high-temperature service should show a 3 to 6 grain size if 
normalized or annealed from 1700 F. An improperly killed 
steel, on the other hand, if normalized or annealed from 1700 
F, would show a fine grain. 

In this connection, in some data which were obtained from 
an investigation sponsored by The Detroit Edison Company, 
creep rates at 925 F on various heats of carbon-molybdenum 
steel of substantially the same composition were found to range 
from 0.3 to 7.3 per cent per 100,000 hr, under the same stress. 

The structures of the steels showing low, medium, and high 
creep rates are given in Figs. 1, 2, and 3. The creep rate for the 
steel with the structure shown in Fig. 1 is 0.3 per cent per 100,000 
hr. The grain size is from 5 to 7 and the carbide grains are of 
the Widmanstiatten type. The creep rate for the steel shown 
in Fig. 2 is 2.3 per cent per 100,000 hr. The grain size is from 
7 to 8. The creep rate for the steel shown in Fig. 3 is 7.3 per 
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PHOTOMICROGRAPH OF CaRBON-MOLYBDENUM STEEL SHOW- 
InG Low CrEeEP RaTE 
(Heat 1; N.1650, D.1200 F; Xx 100.) 


Fie. 1 


FEBRUARY, 1941 


Fig. 2 PHOTOMICROGRAPH OF CARBON-MOLYBDENUM STEEL HavING 
Meprum Creep Rate 
(Heat 9; N.1650, D.1200 F; X100.) 


Fie,3 PHoTomicROGRAPH OF CARBON-MOLYBDENUM STEEL Havine Hien Crepe RATE 


(Heat 10; A.1925-1975 F, 3 hr; 


cent per 100,000 hr. The grain size in certain sections ranges 
from 2 to 3 and in other sections from 5 to 7. For the most 
part, the grain size is large. It is, however, decidedly nonuni- 
form. Its structure is of a type known as duplex. The high 
creep rate is attributed at least in part to this type of structure. 

Too broad generalities must not be drawn from any of these 
findings. Our knowledge with regard to what causes differences 


X 100.) 


in high-temperature properties and how to interpret the findings 
of microstructures is still in an experimental stage and, before 
definite conclusions can be drawn, much further work will be 
required.? 


3 Credit for the emphasis on the high-temperature properties of 
the metals on the basis of metallographic structure is given to S. H. 
Weaver, of the General Electric Company, and his associates. 
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Although it is now possible to get a steel of what is assumed 
to be the desired type from a steel mill, the grain size and the 
constitutional characteristics of the crystals may not be of the 
most suitable type when the metal has been fabricated and 
installed in the power plant. Constitutional changes may be 
brought about during fabrication which may adversely affect 
the type of carbide crystals and grain size, with a resultant 
change in the high-temperature properties of the metal. For 
instance, when pipe is bent it is heated, and the temperatures 
_ employed for heating may affect grain size and the nature of the 
carbide crystals. If the temperature of the heating is too low, 
it may even result in bringing about an agglomeration of the 
carbides, which is known as spheroidization. Such changes as 
have occurred during the bending, other than those of spheroidi- 
zation, can usually be taken care of by a normalizing or an- 
nealing of the metal from 1700 F. This operation is not always 
possible, because it is not always practicable to place a bent sec- 
tion of pipe into a normalizing furnace. 

Also, sections of pipe are now being assembled to an increasing 
degree by welding. This, of course, introduces temperature 
gradients ranging all the way from the temperature of molten 
steel to room temperature. The welding operation also intro- 
duces changes in chemical composition. Where it is possible to 

normalize or anneal the material thus welded in a furnace from 
' 1700 F, most of the objections with regard to changes which 
have been brought about in the grain size and the grain struc- 
ture are eliminated. Yet, it is not always possible to normal- 
ize or anneal the material from 1700 F. In most cases, it is 
possible only to stress-relieve it from 1200 F. This means, of 
course, that the grain size and the grain structure may be dif- 
ferent from that which is preferred and, therefore, in certain 
sections, all of the precautions which have been taken to get 
preferred grain size and a preferred grain structure have gone 
for naught. 

There is yet another matter which should, at least, be men- 
tioned at this time. It relates to the tendency of carbon- 
molybdenum steel, under certain conditions of time, stress, and 
temperature, to become practically nonductile. To be sure, 
most of the known cases to date, in which low ductility has been 
found, have been under conditions of a high or a relatively high 
stress. For instance, when a steel was held under a stress of 
16,000 psi at 1000 F, fracture occurred in but a few thousand 
hours, with elongations and reductions of area around 5 per cent 
for each. This stress value is about 3 times the allowable 
stress value given by the A.S.M.E. Boiler Code for this kind of 
steel at this temperature. Some claim that, if the stress values 
are kept within those recommended by the Boiler Code, no 
brittleness will develop in the steel. Only time or a systematic 
investigation of this subject will tell whether or not this kind 
of steel will maintain normal ductility if conservative stress 
values are used. 


Uses oF Botts In HigH-TEMPERATURE, HicH-PrEssURE Work 


Although the use of bolts in high-temperature, high-pressure 
lines is rapidly declining, there are still places in which they are 
extensively used. Bolts are required for the assemblage of 
certain turbine parts. This use is most important. It is seldom, 
however, that bolts are used in modern piping systems, as welding 
has replaced most other types of pipe joints. 

From time to time, failures with bolts are reported. These 
may be due to improper composition of material, improper heat- 
treatment, faulty material, or abuse in installation. 

The American Society for Testing Materials has issued two 
specifications for high-temperature alloy-steel bolting materials. 
One merely gives three classifications on the basis of tensile re- 


4 Courtesy of The Timken Steel and Tube Company. 
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quirements with chemical limits for only sulphur and_phos- 
phorus. The other gives eleven types of steels with the full 
chemical composition of each type. Not all of these eleven 
types are suitable for all kinds of service. Also there are many 
classes of steel which are not among the eleven types given but 
which have a place in this field. 

In the selection of bolt stock, care must be exercised to see 
that the material is of a nonaging type. Further, since all bolt 
material shows lower impact values at some temperatures than 
at others, the bolt stock selected should be such as will have a 
good impact value at the temperature at which bolt is to be used. 

Also, care must be exercised to see that the material will not 
develop low impact values in service. When found, these low 
values are a manifestation of aging that is produced by strains 
set up in the quenching operation when followed by a heating 
for the necessary time at moderately elevated temperatures or 
by an overstraining, followed, in turn, by a heating cycle. 

As a rule, trialloy bolts are superior to dualloy bolts. In this 
connection, silicon is considered as an alloy when in quantities 
above 0.3 per cent. Many of the difficulties reported have been 
with dualloy bolting material. 

Improper heat-treatment may be of two types—one a heat- 
treatment giving improper physical test values, and the other, 
one in which it is possible for quenching cracks and other defects 
to develop. 

In the matter of heat-treatment, there are two schools of 
thought—the one wishes high ductility in the finished bolt, even 
at a sacrifice of strength, while the other seeks high strength, 
even at a sacrifice of ductility. Personally, the authors favor 
bolts with high strength characteristics as these resist distortion 
when they are tightened to a greater extent than the low-strength 
bolts. 

In the realm of poor heat-treatment practice, the mass charging 
and mass quenching of bolt stock and bolts may yet be found in 
some plants. To the principle of mass production there is no 
objection but, when carried out without due regard to each 
individual piece, there is decided objection. Each piece must be 
heated and quenched uniformly, otherwise, nonuniformity of 
stock results. Some of the consequences of nonuniformity in 
heat-treatment are quenching cracks and too low or too high 
tensile properties. 

Some of the failures which have taken place have been due to 
faulty material. This may mean an improper choice of material 
or defective stock. Defective stock may be due to lack of com- 
pliance with chemical and physical requirements, stock unduly 
filled with inclusions, stock with cracks due to faulty quenching 
or improper machining practice, or other causes of a similar 
character. 

Finally, failures due to abuse in installation must not be for- 
gotten. Less frequently than formerly but, nevertheless still 
sometimes occurring, undue strains are placed on the bolts during 
tightening-up operations. These lead to cracks which, in due 
time, result in bolt failures. Most companies now control the 
forces used in tightening the bolts so that excessive stresses are 
not set up, reducing, in consequence, the number of failures from 
this cause. 

The selection of proper bolting material is by no means as 
simple as may, at first glance, appear to be the case. Due regard 
must be given to room-temperature tensile properties, proper 
high-temperature properties, such as adequate creep strength, 
and acceptable impact values, both at room temperature and at 
the given elevated temperatures, with little, if any, drop in the 
values, even after long-continued service. 

It is quite apparent from all that has been said that we are yet 
in the developmental stage so far as suitable alloys for pipes and 
bolts for high-temperature service are concerned. A master 
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alloy which will resist oxidation and embrittlement, have high 
strength at elevated temperatures, irrespective of the nature of 
its constitutional structure, respond readily to working and 
welding, and, in addition, be reasonably inexpensive has not as 
yet been found. Great progress in this direction has already 
been made and further progress is expected, as many metallur- 
gists are today engaged in bringing forth new and improved 
alloys for high-temperature service. 


Discussion 


Hans Dantsrranp.. Experience with metals at high tem- 
peratures indicates the importance of this subject. Many power 
plants have been operating at more than 900 F temperature for 
considerable time and, therefore, experience on the suitability 
of the materials exposed to such temperatures is being made 
available. This experience indicates that there is room for much 
improvement particularly on materials for piping and bolting. 
Bolts made from certain steels specified by the A.S.M.E. have 
not in all cases been satisfactory in service whether because of 
improper heat-treatment of the steel or because the steel would 
not stand up under the exposed temperatures. It is hoped that 
we shall have more enlightenment concerning this subject as 
further increase in operating temperature is contemplated. 


F, E. Foster. The conclusion that a coarse-grained steel 
develops better creep resistance than a fine-grained steel is open 
to question after a study of the existing data has been made. In 
particular, a superficial examination of the investigation referred 
to by the authors indicates that the coarser grain size developed 
the best creep resistance. However, it is apparent from a study 
of the results obtained that grain size was coincidental rather than 
a fundamental factor. For instance, a steel with a 5 to 7 grain 
size, as shown in the photomicrograph, developed the best creep 
rate obtained in this investigation. However, two other samples 
having the same grain size and similar microstructure developed 
creep rates ranging up to 0.8 per cent per 100,000 hr, or 3 times as 
much as the example given. The three samples represented three 
different heats and had received three different treatments prior 
to testing. Also, steel with a grain size of 7 to 8 is presented as 
having a creep rate of 2.3 per cent per 100,000 hr. 

The original report presents results on six other samples hav- 
ing the same grain size and same type microstructure on which 
creep rates varied from 1.1 to 2.9 per cent per 100,000 hr. Each 
of these samples had had the same prior heat-treatment but 
represented different heats of steel. In addition, a difference in 
creep rate of only 0.3 per cent was obtained between a 5 to 7 and 
a 7 to 8 grain size. In regard to photomicrograph Fig. 3, the very 
high creep rate is attributed to the nonuniform or so-called 
“duplex” grain. Photomicrographs in the original report show 
somewhat more uniformity and are in fact classified there as 3 
to 6 grain size. It might be noted in passing that a 3 to 6 grain 
size is required by American Society for Testing Materials, Speci- 
fications for Carbon Molybdenum Pipe for High-Temperature 
Service. 

The writer agrees with the authors that the nature and distribu- 
tion of the carbide appear to be of considerable importance. 
Miller, Campbell, Aborn, and Wright’? found that, after tests of 


5 Engineer in charge, Steam Turbine Department, Allis-Chalmers 
Manufacturing Co., Milwaukee, Wis. Mem. A.S.M.E. 

6 Metallurgist, Consolidated Edison Company of New York, Inc., 
New York, N. Y. 

7 “Influence of Heat-Treatment on Creep of Carbon-Molybdenum 
and Chromium-Molybdenum-Silicon Steel,” by R. F. Miller, R. F. 
Campbell, R. H. Aborn, and E. C. Wright, Trans. American Society 
for Metals, vol. 26, 1938,.pp. 81-101. 
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3000 hr duration on carbon-molybdenum steel, the best creep 
resistance was obtained when the carbide of the pearlite areas 
was slightly spheroidized and a ground-mass precipitate, probably 
molybdenum-rich carbide, was finely distributed throughout the 
ferrite matrix. This, of course, is the direct antithesis of the 
Widmanstitten type of structure preferred by the authors. 


E. H. Krima.’ It is most encouraging to have this metallurgi- 
cal paper made an integral part of the proceedings of the Power 
Division for it betokens the great importance of metallurgy to 
the power industry. In acknowledging our indebtedness to the 
metallurgists, may we at the same time call attention to their 
large share of responsibility for future progress in the production 
of power by burning fuel. 

Although many metals are being developed for high-tempera- 
ture piping, the authors call attention to the many factors en- 
tering into the selection of piping material. Besides a satisfac- 
tory low creep rate, the material must be stable, resistant to oxida- 
tion and corrosion, workable, weldable, with a good background 
of success in minor applications before a major application can be 
economically justified. 

Referring to the photomicrograph Fig. 3, is it possible that a 
contributing cause of the low creep may be a slight carbide pre- 
cipitation or spheroidization along the grain boundaries? Would 
a 500 magnification more clearly portray such a condition that 
may not be readily observed at 100? 

Because of the vital importance of the metallographic method 
of determining acceptable high-temperature properties of steels, 
would the authors kindly outline the essentials in their closure, 
because the more engineers who know about it, the more prog- 
ress will be made in improving the quality of steels available at 
low price. In other words, we should like to see certain American 
Society for Testing Materials codes made more rigid as regards 
quality, because, if everyone demands quality, steels of bet- 
ter quality will be produced as cheaply as former steels of 
poorer quality. As an illustration, grade B tubing in A.S.T.M. 
Specification A106-39 is superior to grade A in most respects, 
yet it now costs no more. Then why retain grade A when it 
no longer serves any function, although formerly it was con- 
siderably cheaper? 

Bolting material will continue to occupy a highly important 
position for some time to come. It is true that valves are being 
welded into the pipe lines and that in a few cases bonnets are 
being made, boltless, by welding them on or by using a breech- 
block design which was adopted for the 2800-lb valves at the Twin 
Branch plant. But bolting will continue to be used in turbines, 
and we already have many bolts in service which we shall have to 
live with for many years to come. We thoroughly agree with the 
authors that the greatest care should be exercised in their selec- 
tion and application, if trouble is to be avoided. 


G. B. Warren.’ During the last few years, temperatures 
adopted by the power industry have jumped from 750 to 825 F, 
then to 900 and now to 950 F. Much test work has supported 
these temperature increases but as yet, at the most, only a few 
years of actual experience. The emphasis placed in this paper, 
upon the proper manufacture of the steel itself, the heat-treat- 
ment of the fabricated pipe, metallographic structural control, 
and the avoidance of overstress in service, may, if heeded, be 
conducive to much more satisfactory piping and bolting systems. 

Although, as pointed out, the use of bolts is declining in piping 
and valves, in the turbines themselves bolts are still extensively 


8 Engineering Department, American Gas and Electric Service 
Corporation, New York, N. Y. Mem. A.S.M.E. 

® Designing Engineer, Turbine Engineering Department, General 
Electric Company, Schenectady, N. Y. Mem. A.S.M.E. 


- used, therefore, a need for better and more reliable bolts yet 
- exists and probably will continue to exist. 


The authors indicate 
the necessity of tightening bolts properly and avoiding over- 


_ tightening, particularly for high-temperature service. This is a 
_ matter of great importance and appears to the writer to be even 


more so as we acquire more experience with operation at higher 


_ temperatures. 


: 


For the last several years, in developing turbine designs at the 
General Electric Company, efforts have been made to reduce the 
,duty imposed upon bolts of high-temperature machines as much 
as possible. Working stresses have been drastically lowered, 
double-shell designs in many cases have permitted equalizing the 


_horizontal-joint bolt load between two rows of bolts, elasticity 


incorporated in the bolting system has tended to reduce strains 


~ due to temperature variations, and designs have been made in 


_ such a way as to reduce the temperatures and the temperature 


variations to which bolted joints have been subjected. 

Recently we have been giving more thought to the mechanical 
design and construction of the bolts themselves, with the idea of 
reducing stress concentrations. 

We have availed ourselves also of the magnetic-powder method 
of checking bolts at the turbine-inspection period. The bolt 
threads are first lacquered white and then tested to detect in- 


, cipient cracks. 


) 


It is possible that, until a method of manufacturing better 
bolts has been developed, a few of the highest stressed and hottest 
bolts will have to be regarded as ‘‘renewable parts.” The cost 
would not be very great. 

In the last few years, an increasing number of long-time high- 
temperature rupture tests have been run both by the authors 
and by ourselves. We have commenced to learn that grain size 
and other metallurgical characteristics have an important in- 
fluence both upon the creep strength and upon the long-time 
rupture strength at high temperature. It appears probable that 
there is a relationship between these two values somewhat 
similar to that existing between elastic limit and tensile strength 
at ordinary temperatures. 

Thus, it is thought that, possibly, heat-treatments which im- 
prove the creep strength may not improve the rupture strength 
a corresponding amount, and may reduce the strain at rupture 
in much the same manner as certain heat-treatments may increase 
the elastic limit, without greatly increasing the tensile strength, 
and reduce the elongation. In many cases, good engineering in the 
case of low temperatures calls for the use of material heat-treated 
for the lower elastic limit. We have been considering whether or 


_ not good engineering might likewise call for a heat-treatment or 


grain size which would give a lower creep strength with a better 
margin between it and the rupture strength, and greater elonga- 


WHITE, CLARK—EXPERIENCE WITH METALS AT HIGH TEMPERATURES FOR POWER PLANTS 


141 


tion before rupture takes place. Since our own test results are 
not without exception in this connection, it would be welcome to 
have the authors’ opinion on the general principles outlined. 

The writer would also like to ask the authors another question, 
the answer to which might be of material assistance to operators 
engaged in utilization of materials under the conditions covered: 

Does a heat-treatment which restores the high Charpy impact 
strength of a bolt, which has lost its high Charpy value as a 
result of stress, temperature, and time, likewise restore the pos- 
sible life of the bolt before rupture, providing, of course, the re- 
heat-treatment takes place before rupture has actually developed? 


AuTHORS’ CLOSURE 


The discussion contributed by Messrs. Dahlstrand, Foster, 
Krieg, and Warren to this paper is much appreciated. 

With regard to the discussion by Mr. Foster, possibly creep 
strength is a better criterion of high-temperature properties than 
creep rate, although in the paper reference was made only to 
creep rate. In the case of the steel in which the creep rate was 
0.3 per cent per 100,000 hours, the creep strength, on the basis 
of a stress which would produce an assumed elongation of one per 
cent in 100,000 hours, was 17,400 psi. In the case of the steel 
which showed a creep rate of 0.8 per cent, the creep strength was 
15,250 psi, and in the case of the steel which showed a creep rate 
of 2.3 per cent, the creep strength was 12,500 psi. Although it 
is true that the creep rate is nearly three times as great in the case 
of the steel which showed a creep rate of 0.8 per cent, as com- 
pared with the one which showed 0.3 per cent, the difference in 
creep strength is by no means of this order as the values are but 
15,250 psi as against 17,400 psi. 

So many factors which affect the high-temperature properties 
of steel enter into its manufacture that it is not possible to draw 
conclusions from merely a few tests. It has been our experience 
that in general carbon-molybdenum steel possessing a Wid- 
manstatten type of structure shows better high-temperature 
properties than steels in which the pearlite areas are spheroid- 
ized. 

With reference to Mr. Krieg’s discussion, it is quite possible 
that a slight carbide precipitation or spheroidization would be 
found in the steel illustrated by Fig. 3, had it been examined at a 
magnification of 500 diameters rather than 100 diameters. 

Mr. Warren’s discussion is timely and interesting. His question 
as to whether or not it is possible to restore the life of a bolt by re- 
heat-treatment in case rupture has not actually developed is, of 
course, subject to a number of conditions. Provided the steel is 
restored to its original ductility and to its original Charpy value 
by reheat-treatment, there is no reason to assume that it is not 
in as acceptable condition as it was initially. 
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Notes on the Measurement of Cylinder Power 
of High-Speed Steam Passenger Loco- 
motives—Apparatus and Methods 


By L. K. BOTTERON,! OMAHA, NEB. 


The common practice of determining the indicated 
horsepower of steam locomotives by the use of mechanical 
indicators driven by a reducing motion attached to the 
crosshead has limitations for high-speed locomotives. A 
survey of engineering literature shows that mechanical, 
optical, and electrical indicators have been developed and 
are in use primarily for high-speed internal-combustion- 
engine testing, but it is doubtful if any of these types 
would be adaptable to locomotive road testing with the 
exception of the electrical. Due to the limitations of me- 
chanical indicators, the research and mechanical-stand- 
ards department of the Union Pacific Railroad Company 
for the last 2 years has used the heat-drop method for the 
measurement of indicated horsepower. 


excess of 100 mph. Speeds of 90 mph for sustained periods 

are not unusual. Running over a division at 75 mph, with 
the exception of the acceleration and deceleration periods in 
stopping, starting, and observing local speed restrictions, is 
common practice. At diameter speed, the driving wheel rotates 
at 336 rpm; high-speed passenger locomotives operate a con- 
siderable part of the time at higher than diameter speeds. Con- 
sidering the size of locomotive cylinders, the rotational speeds 
are high as compared with other reciprocating engines. 

The difficulties encountered in taking indicator cards on high- 
speed steam locomotives are many and it must be borne in mind 
that, compared with indicating stationary engines, the problems 
encountered are far more complex. Reducing motions are a 
constant source of trouble due to breaking and rapid wear as 
they must run unprotected from the weather. Due to roadway 
clearances and interferences of locomotive parts, it is often diffi- 
cult to apply any sort of a reducing motion. Common to all 
indicators driven with a reducing motion, the stretching of the 
indicator cord increases as the speed increases, the indicator- 
drum spring is hard to adjust correctly, and even the drum is a 
source for errors due to its inertia. L. Pendred, in an article (1)? 
on high-speed indicators, does not believe any reciprocating 
reducing motion is reliable above 500 rpm. In the case of steam 
locomotives, this limit more likely would be 300 rpm. Me- 
chanical indicators of simple and rugged construction for speeds 
up to 500 rpm are on the market but, if the indicator-drum motion 
does not proportionally follow the crosshead, the cards are of 
little or no value. 

Since reducing motions, cord stretch, and drum inertia are 
such a source of error, the thought arises that it might be better 


By ecco locomotives now run for short periods at speeds in 


1 Engineer of Road Tests, Union Pacific Railroad Company. 
Mem. A.S.M.E. * 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Railroad Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., June 17-20, 1940, of THE 
AMERICAN Society OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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to dispense with the reducing motion entirely and drive the drum 
at constant speed in one direction. In this case it would be neces- 
sary to apply an apparatus for marking crosshead dead centers 
on the card. Also, the drum speeds would have to be high as 
shown by the following example: 

A locomotive with 80-in-diam drivers, at a speed of 100 mph 
is making 420 rpm, which completes a cycle in !/7 sec. To ob- 
tain cards 3 in. long, paper travel of 1%/, fps would be required. 

The errors common to the mechanical indicator are well covered 
in technical literature (2). On the steam locomotive, all of the 
mechanical-indicator errors and troubles common to stationary 
work are encountered plus some additional ones. The most 
troublesome of these are the severe rapid vibrations of the front 
end of the locomotive at high speeds. Front-end vibration will 
in turn vibrate the entire indicator and especially disturb the 
pencil motion. Sticking pistons are common, due to highly 
superheated steam and bits of boiler scale and other foreign 
matter getting into the indicator cylinder. The operator labors 
under conditions which are not conducive to good work and, 
furthermore, there is the hazard of striking obstacles such as 
vehicles or animals. There is also the possibility of the locomotive 
meeting with an accident such as knocking out a cylinder head. 

Due to clearance limits, indicators usually cannot extend out 
beyond the width of the cylinders. This means that indicators 
cannot be connected directly into the cylinders. Instead, rela- 
tively long pipes must be used between the cylinder and the 
indicator in order to locate the instrument so that it is accessible 
to the operator and within clearance limits. The errors due to 
long pipes are very serious and at high speeds the events, as 
shown by the card, lag so far behind the actual events in the 
cylinder as to make the card valueless both as for the events and 
the mep (8). 

Mechanical indicators, developed primarily for internal-com- 
bustion-engine testing, offer possibilities for high-speed steam- 
locomotive testing, provided the drum is driven at constant speed 
and not by a reducing motion. However, the errors due to long 
pipes and locomotive vibration would still be present, and the 
operator would have to ride the front end. Pressure-time cards 
instead of pressure-volume cards would be obtained and, to de- 
termine the mep, it would be necessary to redraw the cards on a 
pressure-volume basis unless a special integrator were available. 

Optical indicators do not seem to offer any possibilities for 
locomotive road tests. They are essentially laboratory instru- 
ments and are not rugged enough to stand shocks and vibrations. 


ELECTRICAL-[YPE INDICATOR 


The indicator which offers possibilities for determining the 
indicated horsepower of high-speed steam passenger locomotives 
is the electrical type, such as the Martin and Caris indicator (4), 
the indicator described by H. T. Sawyer (5), and the indicator 
advertised by the General Electric Company (6). With the 
electrical indicator, the only apparatus required on the loco- 
motive are the pressure-measuring heads, an electric dead-center 
marker, and wiring running back to the test car. The oscillo- 
graph, which is the recording instrument, would be carried on the 
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test car. The electrical indicator therefore possesses many in- 
herent advantages over other types. The pressure-measuring 
heads are attached directly to each head of each cylinder, thereby 
eliminating the error due to piping. Any number of cylinders 
can be indicated simultaneously. Reducing motion is not used. 
The operator is not required to ride the front end. 

Conditions which might interfere with the accuracy of the 
electrical indicator are the effects of vibration and temperature 
differences on the pressure-measuring heads. The electrical in- 
dicator makes only pressure-time cards, but with a special in- 
tegrator the mep of such cards may be directly determined. 


Heat-Drop Meruop or Merasurine INpIcaATED HoRSEPOWER 


Due to the limitations of mechanical indicators and the 
hazard of men riding the front end, the research and mechanical- 
standards department of the Union Pacific has used the heat- 
drop method for determining the steam rates and indicated 
horsepower of high-speed steam passenger locomotives. The 
methods of Arthur Williams (7) have been followed and the re- 
sults obtained for high-speed work have been found to be reason- 
ably accurate. 

Briefly, the heat-drop method is based on the first law of 
thermodynamics. Thus in the case of the steam locomotive, the 
difference between the total heat in the steam to the cylinders 
and the steam exhausted from the cylinders is converted into 
mechanical work regardless of the processes which go on in the 
cylinder. The question has been raised as to the proper location 
of thermocouples for measuring exhaust-steam temperatures and 
it has been pointed out that the state of the steam during the 
exhaust period is variable (8). The most reasonable location 
for the exhaust-steam thermocouples is in the exhaust-nozzle 
stand, since the exhaust pressure at that point has the least 
pulsation and the steam has had time to mix. The heat content 
of the exhaust steam cannot change between the valve chamber 
and the exhaust stand except for the influence of radiation and 
kinetic energy. If these two items are corrected for and the 
pressure and the temperature of the exhaust steam are ac- 
curately determined in the exhaust stand, it seems that a reason- 
ably accurate determination might be made of the total energy. 

The heat-drop method determines the steam rate only. In 
order to calculate the indicated horsepower, it is necessary to 
know the steam to the engine as well as the steam rate. 

Knowing the pressure and temperature of the steam in the 
exhaust-nozzle stand, it is a simple matter to calculate the flow 
through the nozzle, provided the coefficient of discharge is known. 
Of course, all formulas for steam flow are based upon steady con- 
ditions and some doubt will arise as to whether the formulas hold 
true for locomotive conditions where the flow is pulsating. For 
low speeds, the pulsations are of such magnitude that the flow 
computed from the back pressure will be high. However, at 
high speeds, the exhausts are so frequent and the pressure 
fluctuations of such small magnitude that the gage will read an 
average pressure, accurate enough for calculating the flow. 

The exhaust-pressure gage should be piped up so as to have a 
constant hydrostatic head. This can be done by running a pipe 
vertically from the side of the nozzle stand through the smokebox 
and terminating the pipe within the clearance limits. At this 
point, a coil of copper pipe is connected into the vertical pipe and 
a pipe with a gradual drop is run from the coil to the gage in the 
cab. The vertical pipe should be 1 in. or larger to be self-drain- 
ing. Hither a mercury manometer or a suitable Bourdon-tube 
gage may be used for indicating exhaust pressure in the cab. 

A potentiometer will be found to work very satisfactorily for 
the determination of the temperatures, if the galvanometer is 
removed from the instrument and attached to the data board 
which is held by the operator when taking readings. Arthur 
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Williams in his paper (7) illustrates and discusses such a mount- 
ing. During a test it is imperative to remove all auxiliary ex- 
hausts from the exhaust passages, as the exhaust steam from the 
auxiliaries is in a different state from the exhaust steam from 
the engines. Ofcourse the exhaust-steam temperature taken in the 
exhaust stand must be the temperature of the exhaust steam from 
the engine only. Also by removing the auxiliary exhausts from 
the exhaust passages, the steam to the engines equals the steam 
through the nozzle in the case of locomotives equipped with live- 
steam injectors while, in the case of locomotives equipped with 
feedwater heaters, the steam to the engines equals the steam 
through the nozzle plus the steam condensed from the exhaust 
passages for feedwater heating. 

No definite data can be given which will cover the coefficients 
of discharge of locomotive-exhaust nozzles due to such a wide 
variety of nozzles being used. Lach railroad would have to 
determine the characteristics of its own nozzle. In general, it 
will be found that for steady conditions round-hole nozzles with- 
out sharp edges or projections and having a smooth approach in 
the stand have coefficients of about 0.97 to 0.98 for their entire 
pressure range, while nozzles with complicated shapes and sharp 
edges have coefficients of 0.8 and lower at low back pressures 
with the coefficient increasing up to a maximum of about 0.93 
at 12 psi pressure. 

The author calculated the flow through the plain round-hole 
exhaust nozzle of Baldwin locomotive No. 60000, considering 
the flow adiabatic and using a coefficient of discharge of unity, 
but making no allowance for the velocity of the steam in the 
exhaust pipe (9). The calculated results, compared with the 
test-plant measurements, show that, for exhaust-pipe pressures 
from 9.1 to 19.8 psi, calculated flows are from 3.59 per cent too 
high to 3.42 per cent too low, with an average of 0.62 per cent 
too low. 


EQUIPMENT AND PRocEDURE FOR HEeat-Drop Mrruop 


The equipment and procedure required for the use of the heat- 
drop method are simple. It is only necessary to measure steam- 
pipe and exhaust-stand pressures and temperatures accurately. 

The indicating potentiometer is a simple rugged instrument. 
If any wiring becomes broken, disconnected, or grounded, the 
potentiometer galvanometer cannot be balanced. Thus there is 
no possibility of false readings. Only one operator is required 
and by placing the potentiometer and pressure gages in the cab 
the operator is removed from the front end to a safer location. 
The heat-drop method has the advantage over all other methods 
as it determines both instantaneous steam rate and indicated 
horsepower. A set of readings can be worked up in about 20 min. 
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Discussion 


R. M. OsrerMann.* The author has rendered a distinct serv- 


ice by expounding the advantages of the heat-drop method for 


determining the water rate of a locomotive. While the paper 


‘does not state in detail how the heat-drop method, as recom- 


_ mended by Mr. Arthur Williams, was checked by him in relation 
- to the method of establishing water rates with an indicator, the 
writer submits that, in his opinion, the value of the heat-drop 
~ method, because of its simplicity, is outstanding for comparing 
‘the performance of a locomotive with and without certain modi- 


i 


fications of design which affect the water rate. Many problems 


of this sort present themselves constantly to the railroads, 
and are frequently left unsolved because of the cost and in- 


- convenience of making tests with indicators. 


To determine the 
influence of certain modifications in the design of a locomotive 


‘upon the drawbar pull and drawbar horsepower of a locomotive, 
- which is only possible with dynamometer cars, is, of course, still 


“more expensive. In this category the writer would include modi- 
fications in the setting of the valves, changes in steam pressures 
and steam temperatures, or other changes in both valve and cylin- 
der designs, steam pipes, and front-end arrangement. 

All these are matters which are being continually studied by 
the mechanical engineers of the railroads. However, many of 

‘them have not been given the facilities for testing out such 
changes, because of the cost and time involved in such tests. 
The heat-drop method of determining the water rate can be used 
on any locomotive in regular service. One man in a cab can 
make all necessary determinations of pressures and temperatures, 
and take many readings from which averages may be obtained. 

In tests of this kind, which can be conveniently carried out on 
one and the same locomotive, before and after the modification, 
it is less important that the amount of steam required per indi- 
cated horsepower-hour be determined with the utmost accuracy, 
than to determine correctly the degree of improvement, on a 
percentage basis, which has been effected by the modification 
under consideration. Even if it is assumed that the measuring 
of the temperatures and pressures during the determination of 
the heat drop involves certain errors, it is altogether probable 
that errors of the same magnitude will be involved when using 
the same test equipment and the same observer on the same 
locomotive after it has been modified. 


ArtHur WriuiiaMs.! This paper discusses the problems in- 
volved in determining the indicated horsepower of steam locomo- 
tives in a very complete and concise manner. Since 1935, a num- 
ber of tests have been run using the heat-drop method for deter- 
mining cylinder efficiency. Those conducted on the Union Pa- 
cific Railroad have been extremely complete. These tests and 
others all seem to favor the use of the heat-drop method for road 
tests of locomotives. In the last 5 years, no change has been 
made in the general method of making these determinations. 
There have been some refinements, designed to simplify the cal- 
culations. The exact formula for determining the steam rate 

V2? 


in pounds per indicated horsepower-hour is 
H, — H.) — 
(i, 2) Ce 4 R) 


2545 
steam rate, lb steam per ihp-hr 
heat content of steam in steam pipe, Btu per lb 


S = 


where S = 
A, 


3 Vice-President, Western Territory, The Superheater Company, 
Chicago, Ill. Mem. A.S.M.E. 

4 Manager, Production Engineering Division, The Superheater 
Company, East Chicago, Ind. Mem. A.S.M.E. 
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H, = heat content of exhaust steam, Btu per Ib 

V2 = velocity of exhaust steam, fps. (Note that H, 
and V2 are derived from same readings of pressure 
and temperature) 

R = radiation loss between points of measurement, 


Btu per lb 


The radiation loss can be calculated from the usual heat-trans- 
mission formulas for any given cylinder design. An approximate 
figure for the total radiation loss in Btu per hour can be obtained 
by multiplying 2400 by the cylinder diameter in inches. Divid- 
ing this by the weight of steam to the cylinders will give the ra- 
diation loss per pound of steam. The velocity V2 can be calcu- 
lated knowing the steam flow, pressure, and temperature of the 
steam, and the cross-sectional area of the passage. 


9 


CORRECTION, 
BTU PER LB 
N 


| 


90,000 100,000 


On 


30,000 40,000 50,000 60,000 70,000 80,000 
STEAM TO CYLINDERS , LB PER HR 


Fig. 1 Correction ror Kinetic ENercy CHANGE AND RADIATION 

To make these calculations for every reading should not be 
necessary. Fig. 1 of this discussion shows the correction for both 
kinetic energy and radiation for various rates of steam flow. 
These calculations were made for a modern steam locomotive 
which was tested by the heat-drop method. Nearly all of the 
tests conducted were in the range of 45,000 to 70,000 lb of steam 
per hr to the cylinders. By using an average correction of 7.8 
Btu per lb, the maximum error introduced was only 0.8 Btu and 
the average error practically negligible. To calculate the results 
in this manner was then simple. The heat content of the steam 
for the conditions observed at the exhaust was subtracted from 
the heat content in the steam pipe and the correction of 7.8 Btu 
subtracted from this figure. This gave the corrected heat drop, 
and dividing into 2545 gave the steam rate in pounds of steam per 
indicated horsepower-hour. 

This figure of 7.8 Btu per lb applies only to this particular case 
and is higher than would usually be found. This was due to 
measurement of the exhaust pressure and temperature at a point 
in the exhaust stand with relatively small area. 

To save time in interpolating the values in steam tables, it is 
convenient to plot heat content against steam temperature for 
various lines of constant steam pressure on a large scale for the 
range in which the tests are being conducted. 

In using the exhaust nozzle as a flow meter, it is important that 
accurate observations of exhaust pressure be made. The method 
described in the paper appears to be accurate and practical for 
locomotive use. The principle of using a condensing coil or reser- 
voir to obtain a constant hydrostatic head on a gage or manome- 
ter is used for industrial steam-flow meters, and is particularly 
important where low pressure drops are being observed. 

The statement is made that no definite data can be given which 
will cover the coefficients of discharge of locomotive-exhaust 
nozzles. No doubt with proper publication of results the infor- 
mation on this will be increased as time goes on, and in the future 
it should be possible to have accessible sufficient data on this sub- 
ject to cover a wide range of conditions. 

While the heat-drop method is convenient for observations of 
over-all cylinder efficiency, studies of valve events and pressure 
conditions in the cylinder require some form of indicator. There- 
fore, it is important that improvement be made in indicating equip- 
ment so that accurate readings can be obtained at high speeds. 
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Train Acceleration and Braking 


By R. CLARK JONES,! CAMBRIDGE, MASS. 


This paper presents a direct analytical method for 
determining the equations of the motion of a steam 
train, either when it is being accelerated or when it is 
being braked. The following important relations are 
found: The relation between (a) speed and acceleration 
or deceleration; (6) speed and time; and (c) distance 
The results obtained are 
compared with actual performance records. The author 


_ feels that, in some cases, an analytical method of the type 


presented in the paper compares favorably with numerical 


. or graphical] integration. 


HE method is based in part upon the well-known Davis 
formula, which states that the resistance encountered by a 
moving train may be represented quite accurately by 
means of an expression of the general form a + bV + cV2, that 
is, by a form quadratic in the velocity V. Detailed information 
and data for calculating the coefficients a, b, and c for modern 


’ types of passenger trains, in a form conveniently usable, is to be 


found in a paper by A. I. Totten (1).2 The gross tractive-effort- 
versus-speed curve of a steam locomotive can also be approxi- 
mated quite closely by a similar quadratic form in the velocity, 
with the following difference, however: The typical tractive- 
effort curve consists of a flat portion at low speeds, where the 
tractive effort is limited only by slipping or maximum boiler pres- 
sure, and of a falling curve at higher speeds, as in Fig. 1; the 
falling part of the curve can be represented quite well by a quad- 
ratic form. 

G. E. Terwilliger (2) and A. C. Barrow (8) are among those 
who have previously discussed the subject treated in this paper. 

The gross tractive effort may be calculated by the highly de- 
veloped methods of E. G. Young and C. P. Pei (4), or it may be 
estimated by other methods, such as Cole’s factors. It will 
usually be known, in any event. 

The decelerating force of a constant brake-shoe pressure also 
varies with the speed in such a way that it can be expressed fairly 
well. by a quadratic form. 

We see, therefore, that it is always possible under the given 
conditions to represent the net accelerating force (positive or 
negative) on a train by an expression of the form a’ + b/V + 
c’V2, where a’, b’, and c’ are constants. By Newton’s third law, 
we then have 


A Bee =a+bV + cV? 
dt 
dV 0.01090 ‘ rt 
Frees, @ +0/V +c’V?)...[(1] 
where 
A = acceleration, mph per sec 
V = velocity, mph 
t = time, sec 
M = total weight of train, short tons 


1 Research Laboratory of Physics, Harvard University. 

2 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 

Contributed by the Railroad Division and presented at the 
Semi-Annual Meeting, Milwaukee, Wis., June 17-21, 1940, of THE 
AMm®RICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and where a’ + b’V + c’V® is the net accelerating force in 
pounds. 

We shall suppose then, that we have a way of obtaining the 
coefficients a, b, and c in Equation [1]. To obtain the desired 
equations of motion from Equation [1], it is necessary to integrate 
twice an equation of the form 


dV 


= b ee ee ee ee 
fe a+bV+cV 


where V itself is the first derivative of the distance in respect to 
the time. The problem before us, therefore, is the integration 
of Equation [2]. 

We shall assume that the speed and the distance z from some 
fixed point are given at the time? = f. Thus the initial conditions 
are 

V 


z= 


ll 


Voatt = to 
Lo att = to 


The integration of Equation [2] is now straightforward, but is 
complicated by the fact that there are three distinct mathematical 
cases (unless one uses a complex number representation). The 
three mutually exclusive cases are distinguished by the following 
criteria: 


2cV, b 
Case 1 aoa | > i] The roots of 
(6? — 4ac) a+bV+cV?=0 
2cVo + b are real. 
2 SS 1 
Case (@ — daa | < 
Case 3 The roots of a + bV + cV2 = 0 are not real. 


In the acceleration of trains, we always have to do with cases 
1 or 2; in fact, it will always be case 1 if the tractive effort versus 
speed curve is concave upward, as is usually the case. In the 
braking of trains, however, we may encounter all three cases. 
One should remember, of course, that our equations correspond 
to physical reality only for positive values of V; if we try to ex- 
tend our solutions of Equation [2] into a range of A, ¢, or a, 
where V would be negative, the solution has no physical inter- 
pretation in this range. 

It is clear from Equation [2] that, if a limiting speed exists, it 
must be given by the condition dV/dt = 0. Indeed, the limiting 
speed is always the root 


Vo 


==(Ovat— GNi/(2e)in sever ceee de «5 ches [4] 


where 


q (b2 — 4ac)'/2 


The converse of this proposition is not always true, because V « 
as defined by Equation [4] may be negative, or g may be an 
imaginary number. 

The actual integration of Equation [2] for each of the three 
cases is carried out in the Appendix. We shall refer to the results 
there obtained in the next section. 


APPLICATION TO THE ““HiaAwaTHA”’ 


In order to exemplify the use of these considerations, we shall 
apply them to a discussion of the acceleration of the Hiawatha, 
crack train of the Chicago, Milwaukee, St. Paul & Pacific Rail- 
road. This train runs daily between Chicago and St. Paul, a 
distance of 410 miles, in an average time of 61/2hr. The regular 
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Fic. 2 CoMPUTED AND OBSERVED SPEED-DISTANCE RELATION OF 
THE ‘“‘HIAWATHA”’ 


train consists of 9 cars, engine, and tender, with a total weight 
of 1,409,400 Ib. 

Through information courteously supplied to the author by the 
Milwaukee Railroad, and by reference to the paper (3) by A. I. 
Totten, a theoretical expression for the resistance of this train 
has been obtained. This expression for the train resistance is 


Be = 2610 EE Ve OOO 2a ariers cer - allo 


The cylinder tractive effort was also supplied by the railroad, and 
is expressed graphically by the open circles in Fig. 1, whereas the 
solid line F; is the author’s quadratic approximation to these 
data. The equation for F; 


Bye ="4)5380 —503V) e202 tee. ee [6] 


was obtained by requiring that it have the correct value at 30 
mph and 100 mph, and that it have the correct slope at 100 mph. 
The quantity Ff: — R: is the net accelerating force on the train, 
and then Equation [1] becomes 


a = 0.601 — 0.00810 V + 0.00002335V2....... [7] 
whence 
a = 0601 
b = —0.00810 
c = 0.00002335 
q = 0.00308 
Vo = 107.5 mph 


3 Reference is to the 1936 Hiawatha train, and not to that placed 
in service in 1938 
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Equation [7] holds approximately for the range of speed from 
25 to 120 mph. For the range from zero to 25 mph, however, 
as we see by Fig. 1, the tractive effort is constant at the large 
value of 30,600 lb. The resistance changes but little in this 
range, and so the net force is practically constant at 27,600 lb. 
Since the mass of the train is 705 tons, the acceleration is 0.426 
mph per sec, if the net force is treated as constant. Then we have 


Vi = OA26 bec te epee tes au eee [9] 
Ce = AOOOOS OU AR ae teeta eee [10] 


for V less than 25 mph, by the ordinary laws of uniformly acceler- 
ated motion. From Equation [9], the time to reach 25 mph is 
59 sec, in which time the train goes 0.204 mile, by Equation [10)}. 
Thus at Vo = 25 mph, we have 


to = 59 sec 
% = 0.204 mile 


These are the initial conditions for the range in which Equation 
[7] holds. 

For the latter range, we have (2cV» + b)/q = —2.251; there- 
fore, we are concerned with case 1. With the use of the values 
given with Equation [7], we obtain from Equations [Cla], [C1}}, 
and [Clc] of the Appendix 


t = 649 ctnh™! (2.63 — 0.01516 V) — 251..... [lla] 
V = 173.4 — 66.0 ctnh (0.00154 t + 0.386)..... [11b} 
az = 0.0482 t — 10.98 — 11.90 log, sinh (0.00154t + 0.386)... [11e] 


These equations, together with Equations [9] and [10], give all 
the essential information about the motion of the train. Part of 
this information is expressed graphically in Fig. 2, in which we 
find the speed-distance curve calculated from Equations [11]. 
In the same figure are plotted some actual performance data; 
the solid experimental curve was plotted through 50 closely 
spaced empirical points, whereas the single point represents a 
statement in a letter from C. H. Bilty, of the Milwaukee road: 
“T recall that while riding one of the Hiawatha engines, I observed 
the acceleration from rest was 90 mph in 9 min within a distance 
of 9 miles.”’ It would appear that the locomotive was being used 
at nearly its maximum capacity on this occasion. 

The fact that the maximum tractive effort is not used in prac- 
tice probably accounts for most of the discrepancy between the 
computed and observed behavior. A calculation of the type 
presented in this section should be performed on the basis of the 
tractive effort used in practice, rather than upon the basis of 
the maximum tractive effort. It is possible that the use of a con- 
stant fraction of the maximum tractive effort would be sufficiently 
accurate for this purpose. Equations [11] really represent what 
the motion of the Hiawatha would be if the engine were used at 
its maximum capacity during the entire acceleration. 

We find in Table 1 a more complete presentation of the com- 
putations the writer has performed on the basis of Equations [11]. 
Most of the columns are self-explanatory. The stopping dis- 
tance and time have been computed on the basis of a constant 
deceleration of 0.8 mph per sec, a deceleration which checks very 
well with actual performance data which the writer has received 
from the Milwaukee road. The “time lost in stopping” column 
gives the difference between the time t, and the time that would 
be required to go the distance x, at the velocity V. The last 
column shows the maximum average speed of which the Hiawatha 
would be capable if it were used as a local train between stations 
x, miles apart, and remained 90 see at each station. 

It may be shown that the quantity “time lost in stopping” 
does not increase indefinitely as the train approaches its limiting 
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TABLE 1 COMPUTED OPERATING DATA OF THE “HIAWATHA” 
Time to ‘ Stopping Stopping Total Total Time? lost Local? train 
Speed reach V, Distance, distance, time, distance, time, in stopping, average speed, 
lA wt Lt, Zs, ts, ma=2+ 2a, h=t+ts, ui, avg 
mph min:sec miles miles min:sec miles min:sec min:sec mph 
12.5 0:30 0.05 0.03 0:16 0.08 0:46 0:17 2.06 
25 0:59 0.20 Oat 0:31 0.31 1:30 0:46 6.19 
45 1:56 0.79 0.35 0:56 1.14 2352 1:21 15.7 
75 4:34 3.50 0.98 1:34 4.48 6:08 2:33 43.8 
90 7:24 7.43 1.41 1:52 8.84 9:16 3:22 49.2 
91 7:42 7.85 1,44 1:54 9.29 9:36 3:28 50.1 
100 11:37 14,11 1,74 2:05 15.85 13:42 4:12 62.5 
104 15:18 20.43 1.88 2:10 22.31 17:28 4:36 70.6 
105 17:16 23.87 1.91 2:11 25.78 19:27 4:43 73.9 
\ ¢ This is simply the quantity ts — 3600z:/V. 
+b Length of stop assumed to be 90 sec, with stations z: miles apart. 
‘speed Vo, but instead approaches a limiting value. The time then merely state the result for cases 2 and 3; the latter cases are 


lost may be broken into two parts, namely, that lost t, during 
‘the time the train is being brought to rest, and that lost t, 
during the acceleration. The limiting values of t; and t are 


V wo /(2A4) 
(Vo/Aa) — Vo2/(2A,V ~) + 2[ @Q + log, 2 sinh 
|Q|]/@ +4) 


where A, is the constant deceleration used in stopping the train, 
and A, is the constant acceleration obtained until the train 
reaches the intermediate speed Vo. For the case we have dis- 
jcussed t; = 67 sec, t = 246 sec, or the limiting “time lost in 
stopping” is 313 sec = 5 min 13sec. The author feels it to be of 
some interest that it is possible to express in so simple a manner 
the maximum time that a train can lose because it makes a stop 
instead of proceeding at full speed. Suppose, for example, that 
the train under discussion were required to make a stop on a 
part of the line which was usually traversed at 100 mph. By in- 
spection of Table 1 we see at once that the extra time required 
for this stop would be 4 min 12 sec, plus whatever length of 
time the train might remain in the station. But even if the 
table had not been computed, we know merely from the com- 
putation of t + t that the maximum time which the train could 
lose because of any stop is 5 min 13 see, plus the length of the stop 
itself. 

For case 2, the square bracket in t should be replaced by 
{P + log 2 cosh P}. 

The weakness of the method herein presented lies in the fact 
that the constants a, b, and c are constants, and cannot vary with 
the time. It will not in general be possible, therefore, to apply 
our method to the braking of passenger trains, since the brake-shoe 
pressure is usually varied as the train loses speed and, indeed, in 
some of the recent trains, the brake-shoe pressure is automatically 
adjusted so as to secure a uniform deceleration. The method 
should be valuable in the case of freight-train braking, where the 
coefficient of friction between shoe and wheel varies considerably 
as the speed changes. Even in this case, however, the necessarily 
gradual application of the brakes cannot be taken into considera- 
tion; in many cases the time required for the application of brakes 
will be small compared with the stopping time, so that the method 
may still give fairly accurate results. 

The writer wishes to express his appreciation to C. H. Bilty 
of the Chicago, Milwaukee, St. Paul & Pacific Railroad for 
data on the Hiawatha, and to Professor J. H. Van Vleck of the 
department of physics at Harvard University for his constant 
interest and valuable advice in the preparation of this paper. 
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Appendix 


The following will be devoted to the task of integrating Equa- 
tion [2], with the boundary conditions of Equation [3], for each 
of the three cases. We shall discuss case 1 in some detail, and 


exactly analogous. 

We shall integrate Equation [2] in two steps; by first inte- 
grating that equation as it stands, and then substituting dax/di 
for V and integrating again. Thus we must first integrate 


dV 
anes =O Viget uC Vitae sy. Pierce 0 vey a [2] 
There are three distinct integrals 
2 2cV b 
t = —-ctnh7! Ate + constant....... [12a] 
q 
2 2cV + b 
i = —- tanh“! a a! + constant....... [12b} 
2 2cV + b 
1 = - tan“ eu aay + constant.......... [12c} 
Pp 
where 
q = (b? — 4ac)’/? 
p = (4ac — b%)'/# 


Each of these expressions for ¢ is a solution of the differential 
Equation [2] and corresponds, respectively, to the three cases 
previously distinguished. 

We continue with case 1 only, that is, with Equation [12a]. 
Under the condition V = Vo when t = to, Equation [12a] be- 
comes 


Solved for V, Equation [Cla] becomes 
1 t— 

Se Nel er aif Ma Oo ae [C1b} 
2c iz 


2cV b 
AOVio stb toe mee 


q 2cVo + b 


We 


where 


ctnh~! 


We note as a check that since 


we etnh x = 1 
i oe) 
we have 
ine Og 
t{—_> @ 2c 


The second step consists in substituting 


3600 = = 
d' 
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where 


ll 


x distance traveled, miles 
t = time, sec 
V = speed, mph 
in Equation [C1b]. The factor 3600 is inserted because da/dt 


is the velocity in miles per sec, whereas V isin mph. With this 
substitution, Equation [C1b] integrates to 


1 | b(t — to) 

3600 2c 

(t — to)q me. 
2 


x= M+ 


Q 


i ; log, sinh + “ log, sinh | Bisveects, [Cle] 
where we have used the condition x = x when ft = b. 

The explicit relation between x and V may be obtained by 
substituting Equation [Cla] in Equation [Clc]. The relation 
is cumbersome, however. 

By using the other expressions for t, namely, Equations [126] 
and [12c], we may obtain the corresponding relations for cases 2 
and 3: 


2 2 b 2 b 
{=t+ 2) ant = tanh7! eal Gan 


vd —>—atan ($92) | 1020 


Petar ea 
q 
i A b(tt—t) 1 (t — to)q 
LZ = ft =| Be ; log, cosh ( 9 —P 


1 
+ r log, cosh P| . . [(C2c] 


eva 4b 
n-! ee [C3a] 
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ta: 
Pp 
n (Gq us n) |... [C3b] 
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PRES onl 2c 
1 t—t 1 
se log, cos (qe a B) + : log, cos |. Sele sc] 


BIBLIOGRAPHY 


1 ‘Resistance of Lightweight Passenger Trains,’”’ by A. I. Totten, 
Railway Age, vol. 103, 1937, pp. 75-80. 

2 “Calculating the Stopping Distance of Trains,” by G E. 
Terwilliger, Railway Mechanical Engineer, vol. 102, 1928, pp. 259-261. 

3 “Problems in Locomotive Acceleration,” by A. C. Barrow, 
Cwil Engineering, vol. 4, 1934, pp. 202-204. 

4 “Locomotive Tractive Effort in Relation to Speed and Steam 
Supply,” by E. G. Young and C, P. Pei, Trans. A.S.M.E., vol. 57, 
1935, pp. 335-341. 


Discussion 


B. S. Cain. The author’s method is based on acceleration 
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and braking curves given by the formula 


a a+ bv + oV? kya diapers 2 ete CR [2] 


This method can be extended to have a power and practical 
convenience beyond that mentioned in the paper. It can be 
shown that one set of speed-time curves can be drawn, applicable 
to all motion covered by the author’s formula. This enables 
approximate calculations or checks to be made almost at a 
glance. These curves are particularly suitable for calculating 
motion over a profile containing variable grades and curvature. 

Then too, the author’s Equation [2] can be fitted to any trac- 
tive effort or braking curve by a particularly easy method which 
provides a graphic check on the accuracy of the fit. This is 
important because the fit determines whether or not the method 
is applicable. The writer has found some tractive-effort curves 
to which the formula is applicable and others to which it is not. 

To show that all curves covered by the formula are included in 
one set, multiply both sides of Equation [2] by c/b? and arrange 
the terms to give 


d(eV/b) _ (ac oV ev)? 
eV) (ee (Va He [13] 


Then we can treat cV /b and bt as the variables and the equation 
contains only one parameter, ac/b?. 

By plotting cV/b against bt for different values of ac/b? we 
obtain, on one sheet, the complete graphical solution of the 
author’s equation. Similarly, if we use cx as a variable in place 
of x, we can plot cV/b against cx or bt against cx and ac/b? will 
be the only other parameter involved. 

As an example, Fig. 3 of this discussion shows a number of the 
curves satisfying Equation [13] of this discussion for various 
values of ac/b? which give different kinds of solutions. The 
application of these curves to motion over a variable profile 


cV 
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0-\-h his. I a 
at -4 -3 


Fic. 3 GrapHIcaL SouutTion or AurHoR’s Equation [2] 


ll be obvious, when it is considered that the effect of grade and 
-rvature is to modify the constant term in the train-resistance 
srmula, that is, they only modify the constant a. 

Thus, to calculate motion through a change in grade, we cal- 
ilate ac/b? for each grade and, when the grade changes, we 
‘ove from one master curve to another, keeping the same 
silue of cV/b. Obviously, only differences in cx or bt are im- 
»rtant, the absolute values being arbitrary. 

Even where calculation is used in place of a master-curve 
‘eet, there is often advantage in using the dimensionless quan- 
ties 
cV/b, bt, cx, and ac/b? 


‘hey facilitate checking and comparison if nothing else. The 
sathor’s formula [12a], for example, becomes 
2 2 (cV/b 1 
bt = — - etnh7! 2uleV db jate + constant....... {14] 
fi r 
: 1/, 
where r = + ( —4 =) 
| b? 


Yo doubt the author has considered it unnecessary to explain 
cow to fit his formula to a tractive-effort curve, but it may be 
vorth noting one useful method. In Fig. 4 of this discussion, 
he dotted curve 1 represents the tractive effort of a certain 
ocomotive plotted against speed. To fit a curve which has the 
ame values at A and B and the same slope at A, draw the 
angent AC, the vertical line BE, and the horizontal line AD. 
Then, for the fitted curve, having the form 


FORCE 
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‘ra. 4 Meruop or Firrine Equation [2] to Tractivn-Errort 


CuRVE 
Force = a + 0B + cV? 
DC a CB 
Force = ED~ >A (V — V4) + DA? (V — Va)? 
In Fig. 4 
15.5 49.5 

Comal — (V — 60)? 

Force 5 7s (V — 60) + 792 ( ) 


108 — 2.796V + 0.0206V? 
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As a check, bisect the tangent AC at H and join BE. Then, 
from the properties of a parabola, BE is a tangent at B and 
the curve can be readily drawn by dividing BE and FA into the 
same number of equal parts, and joining corresponding parts, 
such as B’H’. These lines are all tangent to the curve. This 
gives curve 2 for the fitted curve and it is apparent that the 
author’s method of fitting will not apply to the particular curve 
in Fig. 4. This illustrates the importance of checking the fit in 
each case as it arises in practice. 

It may be worth noting that tractive-effort or braking curves 
which are not readily represented by expressions of the form 
a+ bV + cV? can usually be represented very accurately by the 
form 


k 
pom EA 


The resulting equations can be integrated without difficulty 
and calculations made on similar lines to those in the paper. The 
integrals involve the roots of the equation 


k+aV + 6V?+ cV?=0 
which can be reduced to the form 
Z>+ C(iZ+ 1) =0 


the roots of which are obtainable from a master curve of C plotted’ 
against Z. 

The writer has also examined tractive-effort and braking 
curves of the form 


ctatey 


This expression fits many curves very well and it can also be: 
fitted to the Davis train-resistance curves very closely except at; 
low speeds. The curve is fitted by plotting the product of speed: 
and acceleration against speed and then fitting the curve 


k + aV + bv? 


to it by the simple method previously given. 

The dimensionless coordinates to use are bV/a, bt and b?x/a 
and the single parameter is bk/a?. 

In this way there is only one set of curves to draw, but the co- 
ordinates are affected by the profile so that calculations on a 
variable profile are more laborious. 


E. E. Kiwzary.6 Many attempts have been made to develop 
direct analytical methods for determining train performance 
but this is the first time to the writer’s knowledge that anyone 
has succeeded in obtaining a mathematical solution. 

Unfortunately, the solution is not a simple one and for this 
reason the analytical method may not receive widespread at- 
tention, but it has possibilities which should not be overlooked. 
A few comments regarding its practicability may, therefore, be 
in order. 

In some respects, it is much shorter than the usual step-by- 
step method; when applied to the same data, both methods give 
practically the same results. 

The final equations are not difficult to handle, but considerable 
difficulty is experienced in substituting numerical values in the 
basic formulas from which they are derived. Undoubtedly the 
author has some helpful hints for arranging the calculations so 
as to save time and avoid errors. Facsimiles of his forms or 


6 Chairman Subcommittee 1, Committee on Economics of Railway 
Location and Operation, American Railway Engineering Association, 
Schenectady, N. Y. 
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TABLE 2 DATA FOR OBTAINING NORMAL HORSEPOWER CAPACITIES OF 
TYPICAL STEAM LOCOMOTIVES FROM WEIGHT OF ENGINE AND WEIGHT 


ON DRIVERS BASED ON COAL-FIRED LOCOMOTIVE 


Weight 
on Drivers 
Per cent 


Weight 
on Drivers HP 
Per cent Per 
Wt. of Ton 
Eng. & on 


Tender |Drivers 


Types of 
Locomotives 


Available 


Locomotives 


Available 


71 | 40.8 8 0-4 

[72 | 41.4 | 27.8 [2-10-4| 
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| 76 [ 48.0 | 23,2] | 2-646-4 | 
[| 77 | 48.4 | 22.9 | 2-ate-4 | 


[_ 78 | 48.6 [ 22.6 | 2-a48-4 [| 


Compiled 1937 by AREA Committees XVI and XXI 


work sheets would largely remove one of the chief handicaps of 
the method. 

In regard to the characteristics of steam locomotives, the 
author may be interested to note that the empirical formula,® 
developed by the Committee on Economics of Railway Location 
and Operation, can be closely approximated by the quadratic 
equation 

Cylinder tractive effort = W(642 — 136U + 9.07U2) 


Where W = weight on drivers in tons (2000 Ib) 
U =V/V, 
V = miles per hour 
Vi = 0.896 K 
K = Normal horsepower per ton on drivers obtained 
from Table 2 or from design 
Vo = 1.125 Vi 
Thus for a typical Hiawatha locomotive, type 4-4-2 (140 
/280/530)? 


6 “Economics of Railway Location and Operation,’’ Report of Com- 
mittee 16, Appendix A, Proceedings American Railway Engineering 
Association, vol. 39, 1938, pp. 440-472; vol. 40, 1939, pp. 84-122. 

7 Figures in parentheses indicate weight on drivers/weight of 
engine/weight of engine and tender, in 1000-lb units. 
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W = 70 
8 K = 37.1 (from table) 
V; — 14.7 
Types of Cyl TE = 44940 — 648 V + 2.94 V? 
Max TE = 25 per cent weight on drivers = 


35000 lb, corresponding to Vo = 
16.6 mph 


Table 2 of this discussion shows the performance 
or normal horsepower capacities of typical steam 
locomotives of modern design. It is assumed theo- 
retically that the maximum capacities are 331/; per 
cent greater than the normal capacities but, in 
practice, the percentage will vary depending upon 
the boiler capacity. For this reason no attempt 
has been made to derive quadratic equations based 
upon the maximum capacity of steam locomotives. 

As a matter of record, attention should be called 
to the fact that the paper makes no allowance for 


the force required to accelerate the revolving parts 
in addition to that required for the train. It is 
customary to add about 5 per cent for this purpose; 
hence the constant 0.0109 in Equation [1] should be 
0.0104. 

Likewise an allowance of 20 lb per ton on drivers 
for the losses in the engine between the cylinders 
and driving axles should be added to the train re- 
sistance when the calculations are based on cyl- 
inder tractive effort. 

If these adjustments are made in the example 
used in the paper, it will be found that the agree- 
ments between the calculated and observed perform- 
ances are closer than claimed by the author. 


A. W. Lairp.? So many variables are met with 
in dealing with all subjects pertaining to railway- 
train operation that it is seldom possible to group 
the effect of all these variables and write a single ex- 
pression which will reasonably describe train move- 
ment on a time or distance basis. The author has 
attempted such a process and his analyses of train- 
acceleration factors, knowing train consist and _lo- 
comotive capacity, can be credited as much more 
than a classroom exercise in the mathematical treatment of a 
very real railway problem, based upon the road performance 
of a single locomotive class. The author assumes that the de- 
crease in tractive effort of a locomotive with increasing speed 
can be expressed in definite quadratic form. Similarly, employ- 
ing the Totten modifications of the Davis train-resistance 
formula, the inherent train resistances also can be expressed in 
quadratic form, the difference between tractive effort and train 
resistance at any point representing net accelerating force. The 
composite expression is then capable of being integrated on either 
a time or distance basis. In fact, all time and distance calcula- 
tions are constituted of some application of this process, but 
generally take the form of a step-by-step procedure which, 
although less direct, once the more complex equations of the 
author have been written and solved for the specific case, offers 
the advantage of progressive determination through inter- 
mediate phases of the analyzed performance. 

Whether or not the author’s procedure is accurate and appro- 
priate resides in the ability to write a true quadratic expression 
for locomotive tractive effort as a function of speed. This has 
been checked by attempting to write similar expressions for three 


8 General Mechanical Engineer, Research, The New York Air 
Brake Company, Watertown, N. Y. Mem. A.S.M.B. 


JONES—TRAIN ACCELERATION AND BRAKING 153 


additional locomotives for which dynamometer or testing- 
plant performance data are available. This has verified the 
propriety of the author’s assumption; the quadratic expressions 
follow closely the test results in every case, with locomotive trac- 
tive effort holding up somewhat better than the quadratic ex- 
pression indicates at high speeds beyond the point of horsepower 
peak. 

Despite the author’s statement of conditions and exceptions, 
the application of the method to train braking seems to be in 
nowise justified. This is for the reason that it is impossible to 

write the necessary quadratic expression which properly will 
describe the change in braking force as a function of speed. 
During stops from high speed with cold brake shoes bearing upon 
cold wheel treads a high initial retarding force ordinarily is ob- 
tained which decreases slightly as the stop progresses. There 
follows a relatively constant retarding force which continues 
until a speed of 25 to 35 mph is attained; the net retarding 
force then increasing without interruption to the stop if a con- 
stant brake-shoe pressure is maintained. No single quadratic 
expression can be written for a curve of this character and the 
curve is characteristic of all which are witnessed in conventional 
brake performance. 


I. Oparowsk1.? The author has successfully applied analytical 
methods where graphical methods have generally been preferred. 
\The writer has been interested in problems closely related to 
that solved by the author. In practical calculations, it often 
happens that during short intervals of time the coefficients 
a,b,c in Equation [2] have special values due to short changes of 
gradients, to curves, or to changes of the course of the train. 
If the time intervals here involved are sufficiently small, the 
formulas for speed and distance may be simplified to a great 


extent. If V = Vo, % = 2 whent = 0, the integral of Equation 
[2] may be written in the form 
Ve e(Vot- Ac) (le ——s BUD) ene = she aie (15] 
where 
1 
AiR Oi PV ay Bom bets eV sieeve oe) s'.60 [16] 


and 7 = 2p—! tan (pt/2) or T = 2q7! tanh (qt/2) according to 
whether p or q is real. If ¢ is small, tan (pt/2) ~pt/2 and tanh 
(qt/2) ~qt/2, so that T~t and Equation [15] becomes 


V = (Vo + At)/(1 — Bt)............. [17] 
From Equation [17] we have by integration 
x ~ %— [At + (AB! + Vp) loge (1 — Bt)]/B.... [18] 


Here again for small values of ¢ the formula log.(1 + z) ~2z 
/(2 + z) may be used, so that Equation [18] becomes 


XZ Xo + t(2Vo+ At)/(2—Bt)........... [19] 


The speed-distance relation plotted in the upper curve Fig. 
2 of the paper may be expressed by aformula. In fact, Equation 
(2] is equivalent to 


NE STAN SAV eco Beacon’ [20] 
and the integral of this is 


L a+bV+cV? b 
— a —-—(r— 7)... . [21 
ig a DF 2c log a + bVo + cV 02 Cc G 70) | 


9 Instructor in Mathematics and Mechanics, University of Min- 
nesota, Minneapolis, Minn. Mem. A.S.M.E. 

10‘‘La perdita di velocita’ delle automotrici ferroviarie,’ by I. 
Opatowski, Politecnico, 1936, pp. 22-25. 


where 7 = pl. tan~!(6 + 2cV)/p or r = — q™}. tanh™! (6 
+ 2cV)/q, according to whether p or q is real, and 79 is the value of 
t for V = Vo. Equation [21] is an exact formula which could 
also be obtained by eliminating ¢ in Equation [15] and in (Cc). 
For small values of t an approximate relation between V and x 
is deduced from Equations [17] and [19] 


AW ota) Se 2B Vee 
B(Vo + V) + 2A AEE BS 


To illustrate the use of these formulas refer to the data of 
Table 1 of the paper for Vo = 25 and V = 45 mph. The coef- 
ficients of Equation [7] give gq = 11.082 h~'. The time is here 
t = 1 min 56 sec — 59 sec — 57/3600 h, so that qt/2 = 0.08773. 
Since tanh 0.09 = 0.0898, the approximation tanh (4/2qt) ~ 1/2qt is 
here permissible and Equation [17] gives V = 44.7 against the 
round value of 45 mph in Table 1. Here, Bt = —0.19712 and 
since logel.2 = 0.1823, whereas 2 X 1.2/(2 + 1.2) = 0.1818, 
the approximation introduced in Equation [18] is also permis- 
sible. Since % = 0.2 m, either Equation [19] or [22] gives « = 
0.77 against 0.79 m of Table 1. If we try to go further with our 
approximations by neglecting Bt in Equations [17] and [19] 
against 1 and 2, we obtain: V — Vo = At, © = a + t(Vo + 
At/2). Combining these two equations we get « = x» + «(V+ 
Vo) /2, e.g., the same zw as if the motion were uniform during ¢ 
with a velocity equal to the arithmetical mean of its initial and 
final value. Equations [17], [19], and [22] may be also looked 
upon as involving during ¢ a substitution of the acceleration law 
Equation [2] by a simpler one 


dV/dt =a +0V, ordV/dt = a. + @V?....... (23] 


where a, = a — cVo, bs = b + 2cVo; a2 = a + !/abVo, &» 
b 

=ct+}/, ae In fact, by Equations [16] A and B have for 
0 


Equation [20] the same values as for Equations [23], so that by 
Equations [17], [19], and [22] the motion is the same during ¢ in 
all three cases. 

As the author pointed out, the applicability of his method is 
dependent upon the possibility of expressing the acceleration in 
a form Equation [2], where a, b, c are constant coefficients, at 
least for sufficiently large intervals of time. Therefore, it is 
important to be able to ascertain for a given train that this 
acceleration law Equation [2] holds and to determine the coef- 
ficients a, b, c from test runs. Such runs usually provide a set 
of values (x, V, ¢) and either Equation [17] or [19] enables one 
to evaluate a, b, c. The calculations are particularly simple if 
Equation [17] is used which leads to the formulas 


c = (s% — s)/(21), b = —2(Vice + 51), a = (10)/t 
= (Vo + Vi)b/2 — VoVic Sonera O-alo [24} 


where (20)s1 = (10) /t: = (21) /te, (31)s2 = (21) /te = (32) /ts. 
In these equations Vo, Vi, V2, V3 are four values of the ve- 
locity, t; is the time elapsed between V; and Vi—i, (#j) = 
V; — V;. The application of Equation [24] does not require 
any measurement of distance x. It is important however that 
the time intervals t; be not too small, otherwise the errors in 
calculating a, b, c may be so large as to deprive Equation [24} 
of any practical value. According to data kindly submitted to 
the writer by the author and by C. H. Bilty, during the 
test represented by the lower graph Fig. 2 of the paper, the 
speed increment V — Vo over a distance of 500 ft varied from 
~3 to 1/2 mph, whereas, the corresponding time ¢ was decreasing 
from ~0.2 to 0.1 min, respectively. Assuming as an approxi- 
mate value of c that of Equation [7] ~0.1 h~! it is easy to cal- 
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culate from the first Equation [24] the error 5c of c involved by 
errors!! 6t; of t 


6c/c ~2D.5l2/t2 — D.ot,/t, — D.dts/ts 


where, for the foregoing values of V — Vo and #¢, D varies 
between +1000 and ~12,000. This means a prohibitive value 
of the error due to an inexact knowledge of the time. The 
situation is entirely different for larger values of ¢. For instance 
for { ~ 2 min, which is approximately one third of the total 
time elapsed during the test Fig. 2, we have Vo = 0, Vi = 40, 
V. ~ 60, V; ~ 70 mph, so that 


5c/c y 15.8t2/t, — 10.6t1/t, — 5.dt3/ts cia Gino Oran, thG [25] 


The approximation tanh (gt/2) ~qt/2, which is implicitly con- 
tained in Equation [24], is equivalent, by Equations [15] and 
[17], to the use of slightly higher values of ¢ than the actual ones, 
because tanh « < 2. Fort = 2 min, gt/2 ~ 0.18 and the approxi- 
mation tanh 0.18 ~ 0.18 instead of its exact value 0.1781 is 
still very good. But even if this difference were larger it could 
not give an appreciable error éc of c, because in Equation [25] 
all dt are here of the same order of magnitude and all have the 
same sign. 

This method was applied by the writer, some years ago, for 
the determination of automobile resistance, which is assumed 
usually in the form a + cV*. Obviously, the calculations must 
be carried out for a certain number of different sets of (Vo, V1, 
V2, V3) and (i, t, ts) in order to obtain sufficiently exact values 
‘of the coefficients. 

Another method for the determination of a, b, c in the accelera- 
tion formula is obtained as a generalization of a method applied 
-by S. Hoerner!? for the determination of automobile resistance. 
The differentiation of Equation [20] with respect to V gives 
d(VV')/dV = b + 2cV, where V’ = dV/dx. From the speed- 
distance curve Fig. 2, d(VV")/dV may be numerically or graphi- 
cally evaluated; plotted against V it gives a straight line, whose 
slope and point of intersection with the V-axis give c and b. If 
the acceleration law Equation [20] is correct, the difference 
VV’ — bV — cV* is a constant = a, The writer applied this 
method to the lower graph Fig. 2 with a negative result, which 
proves, in agreement with a remark of the author, that the 
tractive force actually used was different from the maximum 
available. 

AutHoR’s CLosuRE 


At the request of the editor the paper which the author origi- 
nally submitted on this subject was revised and condensed con- 
siderably. In so doing, it was necessary to omit such material 
as discussion of the methods of fitting quadratic forms to em- 
pirical curves; discussion of the various singular cases; an 
explanation of how the method is to be applied to the braking of 
trains; and certain asymptotic approximations. 

The extension proposed by Mr. Cain, involving the use of di- 
mensionless variables, is an important one, and the author 
agrees that the utility of the method is thereby greatly in- 
creased, once the necessary curves have been plotted or tabu- 
lated. 

Let us examine the procedure suggested by Mr. Cain in greater 
detail. We introduce the dimensionless quantities 


x’ = 3600cr * | 
(ar 
V" sreVi/h ae 
'! For the method of calculating errors here applied see, for in- 
stance, ‘‘Calculus,” by H. H. Dalaker, third edition, McGraw-Hill 
Book Co., Inc., New York, N. Y., 1935, p. 195. 
“Bestimmung des Luftwiderstandes von Kraftfahrzeugen im 


Auslaufverfahren,’’ by S. Hoerner, Zeit. V.D.I., vol. 79, 1935, pp. 
1028-1033. 
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For any given case, the primed quantities are simply constant 
multiples of the unprimed quantities. In terms of the primed 
quantities, the fundamental Equation [2] may now be written 

OV pole gt 


dt! vv mame poke il len a A 0 [27] 


where a is an abbreviation for ac/b?. 
For the four cases distinguished by 


Casel 4a <1 |(2Vo’ + 1)/r| > 1 
Case2 4a <1 |(2Vo’ + 1)/r| <1 
Case 3 4a > 1 
Case4 4a = 1 


of which the first three correspond to those already distinguished, 
we find upon integrating Equation [27] with respect to t’ 


2 2" 1 
t’ = — - ctnh“! over e + constant....... [28a] 
r r 
2 Diva 1 
t’ = — - tanh"! A a + constant....... [28] 
(6 t 
2 2V’ 1 
ja—etanies at {+ CONSANT. «oo acles eer [28c] 
s 
he 4 ao tant [28d] 
= — —— SCAM bapeyer ene oreo 
SVaseet al 
where 
7 = 9/0 = (1 — 4a)'/* | 
0G Gr canteen ne: Wey terto mI it A 3 [29] 


s = p/b = (4a—1)' 


Similarly the integration with respect to «’ yields 


1 PAY! 1 
ca 5 lowe la + V+ Vv +-ctnh7! Lbs + constant [30a] 
ff r 
il 1 2V'’+1 
ta 3 lose la + V’+ v"| + —tanh7! eNeaitt + constant [30b] 
r r 
1 1 2V’'+1 
z= 5 108. la + Vi+ v7 —* tan + constant [30c] 
1 
x’ = loge |2V" ae 1| + av pd == CONSUAN Ue csgerkatha ROR [30d] 


Mr. Cain proposes that Equations [28] be plotted for a large 
number of values of a, similarly for Equations [80]. One would 
then be able to solve any acceleration or braking problem which 
could be formulated in terms of Equation [2], without further 
recourse to the analytical expressions. Fig. 3 is, of course, 
offered only as an illustration; it does not contain sufficient 
curves, neither is it drawn on a sufficiently large scale to be ex- 
tremely useful in practice. 

Before undertaking a comprehensive construction of the 
curves contained in Equations [28] and [80], it would be best 
to make a study of what range of values of a is of practical in- 
terest, and also what corresponding ranges of x’, t’, and V’ are of 
interest. It is improbable that it would be desirable to construct 
all of the curves on the same scale, and it is also improbable 
that it would be advisable to choose the constants of integration 
so that nearly all of the curves pass through the origin, because 
of the consequent confusion of curves near the origin. 

It is evident that, since only positive values of V have physical 
significance, only the upper half, or only the lower half of Fig. 3 
will be useful, depending upon whether c/b is positive or nega- 
tive. Similarly, time will increase to the right when b is positive, 
and to the left when b is negative. For example, in the case 


t 
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represented by Equation [7], where both c/b and b are negative, 
it is necessary to turn Fig. 3 upside down in order to obtain an 
ordinary plot of the speed versus time. 

In using Fig. 3, or the corresponding plot of V’ versus 2’, 
it is necessary to remember that the origin of #’ and ?t’ is arbi- 

trary, whereas, the origin of V’ is not. In practice, this means 
‘that only changes in the values of «’ and ¢’ are significant, and 
that the actual values of x’ and t’ obtained from the plots are 
without significance. An illustration in the form of a hypothetical 
example may serve to clarify this situation. 
|, Let us assume that in a given case the constants a, b, and ¢c 
have been evaluated, and that they are all positive, with ac/b? = 
1/8. Suppose further that the initial value of the velocity Vo 
corresponds to Vo’ = 0.25. By inspection of the upper half of 
Fig. 3, we see that with a = 1/8 this value of V’ corresponds to 
-t/ = 1.1. We shall now assume that the grade remains the same 
until a time has elapsed corresponding to an increase of 0.6 in 
‘t’. From the plot we see that t’ = 1.7 corresponds to V’ = 0.8. 
At this point, we shall suppose that the train encounters a de- 
/scending grade which doubles the value of a, so that a changes 
from 1/8 to 1/4. This change does not affect the relations in 
| Equation [26] but it does mean that the change must be made 
from one curve to another. The new initial value V’ = 0.8 
corresponds on the a = 1/4 curve to ¢’ = 1.2 and times which 
elapse after the change of grade should be reckoned with t’ = 
\1.2 as the zero of elapsed time. 

It will be noted that the graphical method automatically takes 
care of the constant of integration. The constant is effectively 
evaluated by measuring t’ in each case from the point on the 
eurve corresponding to the initial value of V’. 

The plot of V’ versus 2’ would be used in an exactly similar 
manner. Used together, the two plots can be made to yield a 
complete description of the motion of the train. As Mr. Cain 
suggests, it would be possible to replace both Fig. 3 and the plot 
of V’ versus x’ by a single family of curves of x’ versus t’. Such 
a family of curves would be more difficult to use, however, since 
the velocity would appear in the curves only through the fact 
that it would be proportional to the slope. The slope would thus 
have to be marked at frequent intervals on the curve in order that 
one might be able to introduce the initial conditions. 

The singular cases b = 0 and c = 0 cannot be treated in the 
foregoing manner, because Equations [26] become meaningless. 
When b = O new dimensionless quantities may be introduced, 
and two curves will suffice to treat every case. Correspondingly, 
when c = 0 one curve will suffice. 

The particular method of fitting by which Equation [6] was ob- 
tained was employed not because it afforded the most accurate 
fit (it does not), but because at the time the writer was primarily 
interested in obtaining analytical expressions for the maximum 
time which could be lost in making a stop. For this purpose, it is 
important that the slope be accurate for values of V near the 
limiting velocity. The task of fitting quadratic forms to empiri- 
cal curves is largely a matter of trial and error and, as Messrs. B.S. 
Cain and A. 8. Laird remark, it may sometimes be impossible to 
find a good fit. In this case, it is necessary either to use a differ- 
ent type of approximation, such as the one suggested involving 
cube roots, or to split the range of V into several parts, with a 
different quadratic form for each part. The latter is often the 
easier procedure. 

As remarked by Mr. Laird, it is usually not possible to fit a 
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braking curve by a single quadratic form. It is frequently 
possible, however, to find a good fit except at very low fre- 
quencies with two quadratic forms, each holding in a different 
range of velocities. 

The use of a quadratic form as an approximation to the ac- 
celerating force may be looked upon as a generalization of the 
step-by-step method. In the step-by-step method, the range of 
velocity is divided into a large number of subintervals, in each 
of which the acceleration is regarded as constant. The next ap- 
proximation would consist in assuming that the acceleration was 
given by an expression of the form a + bV. The third approxi- 
mation, from this point of view, consists in approximating the 
accelerating force by a quadratic form. The advantage of the 
third approximation is that a single quadratic form will often 
suffice for the entire range of velocities in question, and the sub- 
division of the total interval into two parts is nearly always 
sufficient. 

The ideal method of computing the behavior of trains running 
over a variable profile is probably the use of a differential analyzer, 
which performs the integration of the acceleration equation me- 
chanically, as described by F. Cuypers,!® T. F. Perkinson,!4 
D. R. Hartree and J. Ingham," and others. The advantages of 
this method are several: 


(a) The exact experimental data on the resistance and tractive 
effort may be used without approximation. 

(6) The entire run of a train may usually be computed in a 
time approximately equal to that required by the train to make 
the run. In the paper™ by Hartree and Ingham, which may have 
escaped the notice it deserved because of its obscure place of pub- 
lication (from an engineer’s point of view), the authors describe a 
remarkable run of the Macunian, in which the train required 67.5 
min to make the run of 82.5 miles from Rugby to London, 
whereas, the machine required 75 min to obtain the speed-dis- 
tance curve. 

(c) Speed restrictions are more easily taken into account 
than with the analytical method. 


Unfortunately, differential analyzers are rarely available and 
are costly instruments. They are usually in demand for other 
problems which cannot be treated at all by analytical methods. 
It would therefore seem that analytical methods of the type sug- 
gested here are of some practical use. 

The work reported in this paper was performed 4 years ago 
while the author was an undergraduate in Harvard College. 
Since that time, his interest has shifted to other fields and the 
pressure of these interests will prevent his carrying out the 
implications of the material presented in the discussion. He 
therefore hopes that the possibilities of the analytical methods 
will be explored further by those in a position to do so. 

The author wishes again to express his gratitude to Professor 
J. H. Van Vleck for his interest and helpful advice. 


13 “Machine for Calculating Running Times,’’ by F. Cuypers, 
Bulletin of the International Railway Congress Association, July, 
1936, pp. 699-705. 

14 ‘*A Machine for the Calculation of Train Performance Data,” 
by T. F. Perkinson, General Electric Review, vol. 40, 1937, pp. 574~- 
583. 

16 ‘Note on the Application of the Differential Analyzer to the 
Calculation of Train Running Times,’’ by D. R. Hartree and J. 
Ingham, Memoirs and Proceedings of the Manchester Literary and 
Philosophical Society, Manchester, England, November, 1938, pp. 
1-15. 
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Thermodynamic Properties of Vapors 


By ERICH F. LEIB,2 NEW YORK, N. Y. 


By introducing new properties of state and an ideal sys- 
tem, that is, a perfect vapor, the representation of the 
thermodynamic properties of vapors is simplified. The 
field of state reduces to one curve of state which requires 
in the experimental investigation of vapors only as many 
measurements as are necessary for the determination of 
this curve. The equations of state are found more easily, 
the calculations required to determine the vapor tables 
are reduced, and a simple formula for the external work is 
found. An analytic investigation of the equilibrium of a 
liquid with its vapor shows how the vapor-pressure curve 
can be found from the equation of state. 


HERE are essentially three ways to investigate the proper- 

ties of thermodynamic systems. In the first case, the proper- 

ties are derived from experiments made with real substances. 
In the second case, the properties are determined from a molecular 
theory, on which the system is based. In the third case, the 
properties are deducted from a definition, by which an ideal 
system is created. This paper will use the latter way to introduce 
an ideal system, the qualities of which are in good agreement with 
the qualities of actual vapors. Reliable tables and equations of 
state for vapors can be established on the basis of such a system 
even if only a few experimental data are available. The applica- 
tion of this method to several substances will be demonstrated 
by examples. 


NOMENCLATURE 


The following symbols are used in this paper: 


p = pressure 
v = volume 
u = internal energy 
h = enthalpy 
s = entropy 
T = absolute temperature 

9, 7, ¢,€ = elementary properties of state 
f = number of degrees of freedom 
c, = specific heat at constant volume 
c, = specific heat at constant pressure 
A = isothermal work 
L = adiabatic work 
R = gas constant 
Ww = characteristic function 
© = characteristic temperature 
G = thermodynamic potential 

g, ®, @ = functions of equilibrium 

a, b = constants of equation of state 
x,y,z = functions of state 
a, B.w = auxiliary functions 


1 Thesis presented before the faculty of mechanical engineering of 
the Swiss Federal Institute of Technology, Zurich, Switzerland, in 
partial fulfillment of the requirements for the degree of Doctor of En- 
gineering. Sponsored by Professor G. Fichelberg. 

2 Engineer, Combustion Engineering Company. 

Contributed by the Heat Transfer Professional Group and pre- 
sented at the Spring Meeting, Worcester, Mass., May 1-3, 1940, of 
Tue AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


sub. 0 = zero pressure 

sub. k = critical properties 
sub. r = reduced properties 
sub. 1 = liquid state 

sub. » = vaporous state 


1—Tue Evementary PrRopertigs oF StaTEt 


To investigate a thermodynamic system, start with the 
Second Law in the form 


The internal energy of a vapor is composed of four components: 
translation, rotation, oscillation, and intermolecular forces. In 
the gaseous or vaporous state, translation and rotation may as- 
sume their full activity, while oscillation may not reach its full 
activity. Thus, the internal energy wu is represented as the sum 
of three terms: the classic contribution of translation and rota- 
tion, the contribution of oscillation, and the contribution of 
intermolecular forces. For the latter an empirical formula will 
be established in order to derive the properties of vapors. 

If f denotes the total sum of degrees of freedom of translation 
and rotation, we can write 


u= (f/2)RT ae Uose ae Umol 


or u = (f/2)pv + wose + Umot + (f/2)(RT — pv) ......[2] 
Writing a = 2/f 
we have for monatomic molecules f = 3 +0 = 3, a = 2/3 | 
for linear molecules PSRs Shy SAB 
for polyatomic molecules f =3+3=6, a =1/3 
Introducing (i) POUT = 7 OOS IN Gs bo cod ode aes oOr {4] 


into Equation [1], it follows that 
du + (au— p*v)(dv/v) 


ds = T 
v= du + auv*—! dy i p*yetl dy 
Tv (Mier 
Pees d(uv™) yes poet! dy 
Lhe Wer 


So far we have used only the properties of state—temperature, 
volume, pressure, and energy—which can be represented from 
direct measurements. Therefore, we can refer to these as the 
natural properties of state. To represent the laws of change 
of state in a more elementary form, we introduce the fol- 
lowing quantities as the elementary properties of state: 


Independent variables 
: ¢ = log,v 
Dependent variable (derived calorific property of state) 


ea 


Dependent variable (derived thermal property of state) 


7 = pu**! 
+ New derivation in author’s closure. 
* Superseded by Equation [104]. 
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If we substitute 


it follows that 


If ds is a total differential, the following equation must be satis- 
fied 


From Equation [6] 


de On* 
de = 7* — 6 Sp tect se eens: [7] 
and from Equation [4] 
CS OYONGS tee didosenandcaeucoe [8] 
Substituting Equation [8] into Equation [7] yields 
te es a 


2—TueE PERFECT VAPOR 


Equation [9] is a general relation between two dependent 
variables which holds for every thermodynamic system, but is 
not sufficient to recognize its condition. For an ideal system with 
a limiting condition in which Equation [9] contains only one 
dependent variable, this modified equation yields a relation for 
the condition of the system. The limiting condition is 


The perfect vapor defined by Equation [10] has the character- 
istic that one of the elementary properties of state depends only 
on one independent variable. This is in remarkable agreement 
with the behavior of actual vapors. Simple laws will also be 
found for the other properties. By substituting Equation [10] 
into Equation [9] 

1 O7n* 
7 eel 
a Op 


On* 
ti] eed 
06 


Integration gives 


Using Equation [5] gives 


where f(7’) is an arbitrary function of the temperature. The 
relations between the thermal and calorific properties of the 
perfect vapor are, according to Equation [8] 


1 
e=-— [r+ of(T)| 


a 


and 
i ; 
u= a [pe TCP. c ee [12] 


Being a function of temperature only, f(7') can be determined 
for an arbitrary pressure. If we choose the pressure zero, the 
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intermolecular forces will disappear and the perfect gas law will 
be fulfilled, whence pv = RT. 
Then the internal energy at p = 0 is given as 


u = (1/a) RT + (1/a)Tf(T) 


According to the previous assumption that the translation 
and rotation is fully activated and that the oscillation is partially 
activated, (1/a)RT is the contribution by the translation and 
rotation to the internal energy of the perfect vapor. Thus, 
(1/a)Tf(T) is the contribution due to the oscillation. 

Since the variation of the energy of oscillation with pressure 
is negligible, the quantity (1/a)Tf(7) represents the energy of 
oscillation at arbitrary pressures. 


Then from Equation [11] 


Tn" LU Uae nates (a issn eee [13] 
from Equation [12] 
Ue =") 0 A-ha teary ele ae eee [14] 
and from Equation [2] 
Abn = li ) (DL) ee ere en an 


Equation [15] can be considered as characteristic for the perfect 
vapor. 

Making simplifying assumptions which are exact enough for 
technical applications, the specific heat of oscillation for every 
degree of freedom can be written as 


(2) . je ; 
fh 
Cose = R 

( 


e9/T = iby 


where 0 represents the ‘‘characteristic temperature” of the oscil- 
lation. By integration and addition over the fo degrees of free- 
dom, the contribution of the oscillation to the internal energy 


1S 
0 e, 
tine = BDL ca 


where « represents the individual terms in the summation. 
Therefore from Equation [14] 


5) eee ier ies istes ae {16 ]* 
a 1 &/T_] 


Introducing the enthalpy h = u + pv, we obtain 


atl SD e, 
i FR on 1 
3 put+k bead (17 ]t 
The characteristic function Y = s — (u/T) has the differential 
ae kay ale Tdu — udT 
T2 


Substituting Equation [1] gives 


In Equation [18] the coefficient of dT’ is (OW/OT’), and the coef- 
ficient of dv is (OW/dv) 7, which yields the relations 


oT and p = hess 5M, HRA APRS {19} 


* Superseded by Equation [105]. 
t Superseded by Equation [106]. 
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By substitution of Equation [19] into Equation [16], the fol- 
lowing differential equation for © is obtained 


ov 1 dw OF Gy fit 
Te pees 
oT Pee z i“ e8./T |] 
which has the integral 


0) 22./T 
vw = F(Tv% +R z ‘ log. o/T 24 


The function WY determines the entire behavior of the system. 


’ F(Tv%) is an arbitrary function of the elementary property @ 


only, while the second term is a function of the temperature 
only; F must be determined for each substance by experiment or 
individual theory. The definition of the perfect vapor does not 
include any limitation whatsoever regarding the character of the 
function F'(@). Its significance results from the following deriva- 
tions: 

Equation [19] gives 


p = aT%—! F'( Ty) 


which yields 
eal 


ie 


rons fae 


= a6 F'(6) 


when integrated 


therefore 


As soon as 7(6) and the 9, are given, the function W is entirely 
determined. 

The further characteristic qualities of the perfect vapor can be 
found: 

(a) The specific heats can be written as 


Ou 1 Op 
= |\e=)) = =os= Sagrate salansvats) sievers Ole 
ee) Boar ne (21) 
from Equation [16], and 
+1 ov 
C= oh aa (==> AS rs eoadudo. [22 ]t 
or, to oT 


from Equation [17]. 
(b) The derivatives of the natural properties of state are 
Ou _ (pv) 


pple NACA ve Wee a Ee 23 
“op av Be 


from Equation [16], and 


from Equation [17]. 
With (0u/dv) = T'(0p/dT') — p, which follows from the Second 
Law, we obtain from Equation [12] 


or 


* Superseded by Equation [107]. 
+ Superseded by Equation [108]. 
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O(po/T) __v O(pv/T) 
| ee a ee OOO ROI 
Ou a Ov [25] 
From Equation [21] 
oc, oO? ACosc 
00" C (26 ] 


Sper rs pipe oe 


With oc,/ov = T(0%p/dT?), which follows from the Second Law 
Equation [26] yields 


O(c, — Cos) oll » oc, 
or a T dv 


Or, SINCE Cose does not depend on »v 


O(c}, — Coao) v O(C, — Cosc) 
fe = cee 
oT a ov an 
For the perfect vapor 
Cy — Cose = Ctr + Crot + Cmoi = (R/a) + Cmol 

Accordingly 

OCmol v OCmol 

SNe Serbo b occas cc 2 
Ol a ov ie 


As a consequence of the fundamental condition of the perfect 
vapor Equation [10], there exist relations of Equations [21] to 
[28], inclusive, between the natural properties of state. These 
equations are the only limitations for the properties of that 
system. No limitations are made of the value of these properties 
or their derivatives. In this manner, the perfect vapor differs 
from the perfect gas, which has, in addition to Equation [10], 
the limiting condition (Ow/dv)7 = 0 for the value of a certain 
derivative. The fundamental property of the perfect vapor, 
from which all other properties derive, is that the elementary 
property of state z is a function of 6 only. 


8—TErEcHNICAL VAPpoRS DESCRIBED AS PERFECT VAPORS 


The agreement of the thermodynamic properties of vapors 
used in technical processes with those derived in Section 2 for 
the perfect vapor can easily be checked by the results of Equations 
[10] and [17]. This means (a) if we represent the thermal 
properties on a 7, @ chart, all points of the vapor state will coin- 
cide on one curve, since x depends on @ only; and (6) the quantity 
h — [(a@ + 1)/a]pv is a function of temperature only, which has 
the value given in Equation [17]. We proceed now with a veri- 
fication of the properties in (a) and (6) for several substances. 


Steam: a = 1/3. The calculations are based on the skeleton 
table (1)% of 1935 for the tolerance £0. From this table, we ob- 
tain the well-known pv/RT, t chart, shown in Fig. 1, from which 
those points for saturated and superheated steam which are indi- 
cated by circles were selected to be represented in a z, 0 chart, 
shown in Fig. 2. These points cover a range from an approxi- 
mately gaseous condition to a condition which deviates 75 per 
cent from the gas law. These points coincide almost exactly into 
a single curve, which for great values of @ approximates the 
straight line + = R@, the latter characterizing the perfect gas 
law. The values for the critical point are 


6, = 97.123 m deg C/kg’/*; 7, = 1142.8 m2/kg'/* 


The points for saturated water are marked as a supplement to 
the vapor. We see that only for very small volumes—about 
v < 2v,—the points will not coincide into one curve. The tangent 


3 Numbers in parentheses refer to the Bibliography at the end of 
the paper. 
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TABLE 1 VALUES OF h — 4p0 FOR STEAM 
Temperature, C - 
Pressure, 0 50 100 150 200 250 300 350 400 450 500 550 
kg/cm? Values of h — 4pv 
Ds 203654 203713 203709 203912 204129 204447 204312 203015 neo ore At Pete 
1 were Stra) 203738 204186 204496 205053 205778 206546 207525 208674 209952 211401 
10 areke wer Sod 204108 204757 205536 206465 207510 208722 210013 211429 
25 Sac 204691 205486 206570 207600 208900 210216 _ 211460 
50 bem 205397 206708 207744 208813 210257 211597 
75 S00 204760 206755 207807 208936 210334 211700 
100 toe 206567 207780 209072 210362 211735 
200 Bveus 206386 208762 210472 211764 
300 ae 205533 209052 211422 
1.00¢\—— — 216 
© h-4pv=/ (cp,-4R) dt 
090 Drees een illieat aco POINTS FROM SKELETON TABLE 
s 5 ' © SATURATED STEAM 
S a 1 KG/ceM2 
0.80 g 2 = 10.825 KG /CM2 
a SUPER- | 4 50875 KG/CM2 
YY ¢ 100 KG/CM2 
= 150 KG/CM 
0.70 iF S S 200 KG/CME 
= 300 KG/CM? 
ea Y z 
ra 
1 0.60 =i ewe 
alee 7 ) p= CONST (KG/CM) é 
£ 
0.50 
g 
me | | 
2 
0.30 - 4 
ex} —} — 5 Mircea 0 700 
150 200 250 300 350 400 450 500 550 200 300 500 600 
+, 066.C——>— t, DEG C —> 


Fie. 1 Deviation oF A WATER VAPOR FROM THE 
Perrect Gas 


17,500 


CHART OF STATE FOR STEAM 


REPRESENTED BY THE PROPERTIES: 
6 =Tv/3 AND 7 = pv 


15,000 
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SATURATED STEAM 
CRITICAL POINT 

UP TO 10 KG/CM 
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Fic. 4 EnrxHauey or Sreram ComparepD Wits Tat oF A PERFECT 


VAPOR 
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250 KG/CM? 
x 300 KG/CM* 
eg 
oo 
= 
S 7500 
a 
W 
FE 
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X 
300 ee 
See 
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oe 
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Fies. 2 anD 3. ELEMENTARY PROPERTIES OF STATE OF STEAM 
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of the 7, @ curve at the critical point has the same slope as the gas 
line + Re. 

From Fig. 2, the curve 7/Ré@ = f(@) can be derived. This curve 
is shown in Fig. 3 and can be used to establish an empirical 
equation of state. It indicates how the points in Fig. 1 coincide 
into a single curve, if one chooses @ instead of T as abcissas; 
the ordinate is the same, since according to Equation [5] 7/R@ = 
po/RT. 

The quantity h — 4pv has the values given in Table 1, which 
are derived from the skeleton tables (1) and expressed in m kg/kg. 

In the large range covered by these tables, h — 4pv is, at con- 
stant temperature, almost independent of pressure except the 
values at very high pressures. Most points from the table are 
marked in Fig. 4 together with the curve / (cp) — 4R)dT accord- 
ing to the cp) data by Justi and Liider (2). The constant of 
integration is fixed to make the saturation curve pass through 


_ the 0 C point of Table 1. 


We recognize from the figure that the deviation of the ob- 
served values from the curve is very small. Even the variation 
of h — 4pv with the temperature amounts only to a few per cent. 
The reason is the small variation of /(¢y) — 4R)dT compared 
with the great value of the constant of integration. Thus, we 
obtain as an approximation kh = do + a,pv which relation had 
already been found in an empirical manner (3). Thus we see 


_ that steam is in close agreement with the condition of the perfect 


} 


vapor. 
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Fic. 5 ELeMEeNTARY PROPERTIES OF STATE OF CARBON DIOXIDE 


Carbon Dioxide:* a = */;. Fig. 5 shows the z, 6 chart, cal- 
culated from Amagat’s values. For this substance also the 
points of state coincide, in general, into one curve when the 
volume is not too small. Since the volume of carbon dioxide is 
not measured as accurately as that of steam, the points scatter 
a little more than those on the steam chart. The chart covers the 
range from 40 to 140 kg/cm? and from —20 C to +50 C. In the 
whole range, the deviation from the gas law is very considerable 
as shown by the straight line = R@. An empirical equation 


of state, which holds for pressures up to 40 kg/cm? (4) is 


_ RT _ 0.0825 + (1.225 X 10-7) p 
ae (7/100) */2 


R = 19.273 mkg/kg degC; |v] = m3/kg; 


v 


[p] = kg/m?. 


According to the Second Law, we obtain the enthalpy by inte- 
grating the equation 


* This example superseded by Fig. 16; text obsolete. 
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Op oT 
which gives 
8.3724 0.06216 p? 
h= Send? De P 


(7/100)*°/s 


where p is to be substituted in kg/cm? and fc, dT is the tem- 
perature function to be introduced by the integration. Then we 
obtain from Equation [17] 

1.61p— 0.03826? 


7 
(igs n) aT — (T/100)*/2 


The first term on the right-hand side corresponds to the value 
of kh — (7/2)pv for the perfect vapor, according to Equation 
[17]. The second term on the right-hand side denotes the devia- 


7 
Oars pv = 


tion of the actual CO. vapor from the perfect vapor. The con- 
stants used in the calculation of cpp are 


Fig. 6 represents this equation where the constant of integra- 
tion is so fixed that S [cp) — (7/2) R]dT = 0 at the freezing point 
T = 216.8 Caps. The addition of the second term of the equa- 
tion results in the scattering of the actual points of state about 
the theoretical curve. The figure shows that the scattering is 
very slight and that the CO: vapor can be represented with suf- 
ficient accuracy as a perfect vapor. 
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Fie. 6 EnrHaupy or COz2 Vapor ComparEepD WitTH THAT OF A 
PerRFEcT VAPOR 


Hydrocarbons: a 1/,, Kdmister has succeeded (5) in 
representing 17 hydrocarbons with close approximation by a 
joint equation in reduced properties of the type 


v = (RT/p) — b 


Dividing the quantities T, p, b by their respective values 
T ;., Px 6, for the critical point, yields 


e _ RY, 7, 


Pde Pr 


b 
by 


r 
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Fig.7 ELmeMenTARY PROPERTIES 
oF STATE OF PROPANE 


where b, is the same function of both 7, and p, for the 17 sub- 
stances examined, and the average value of RT',/p,b, is 1.368, 
which happens to be the correct value of propane (C;Hs). 

We apply the laws of the perfect vapor to this substance. 
For this case, let 


1/3 4/3 
v v 
Oh, ee UML || d = = 
b bs (2) an ae (*) 


The experimental data determine the 7z,, 6, chart of Fig. 7 
where the gas condition is represented by the straight line, 7, = 
(RT /pb),6,.. The figure contains the range of 0.2 < p, < 2.5 
and 0.8 < T, < 2.5 and shows that within these limits, the 
points of state are approximately located on a single curve. 

By means of the statements made in the reported paper (5), 
we can write Equation [17] as shown in the following paragraph. 

The specific heat of propane in the gas condition is 


Cop = 4.09 + 0.04327 Keal/mol deg C 


from which the enthalpy in the gas condition can be obtained by 
integration as 


ho = 4.097 + 0.021672 + h’ Keal/mol 


or 


ho 15187, + 295572 + h’ Keal/mol 


If Ah denotes the difference in enthalpy between the gas condi- 
tion and the condition at any pressure, Equation [17] is written 
as 


Ah 
ho— pyby & Bayh 2) = ho—4RT + h' 
Dxdi, Pe >, 
where Ah/p,b, is again the same function of both p, and T’, for 
the 17 hydrocarbons. 
If we suppress ho 


Pdi 


This equation is represented in Fig. 8 for propane where the con- 
stant of integration is so fixed that h’ = 0 at the critical point. 
The critical data of propane are T;, = 369.9 Cars; p, = 43.4 
kg/em?; v, = 0.195 m’/mol; b, = 0.528 m3/mol. Furthermore, 
the molecular weight M = 44.06 kg/mol, and the gas constant 
R = 848 m kg/mol deg C. 


TRANSACTIONS OF THE A.S.M.E, 


FEBRUARY, 1941 


Fig. 8 shows also that the observed values scatter only slightly 
about the straight line calculated from the foregoing equation 
for the perfect vapor. Due to the rough approximation in repre- 
senting the 17 substances by the same law, we cannot expect the 
points to coincide better on the straight line. We recognize 
from Figs. 7 and 8 that hydrocarbon vapors in general follow 
the laws of the perfect vapor. 


The advantages which result from the possibility of represent- 
ing technical vapors as perfect vapors consist in great simplifica- 
tion of the preparatory work required to establish equations of 
state and tables. 

Since the whole field of natural properties reduces to one curve 
of elementary properties, it is necessary to determine by experi- 
ments only as many points as are needed to determine this 
curve. Then, all other states can be calculated from this curve. 
By this method we can avoid part of the measurements at high 
pressures. 

The calculation of the calorific properties from the thermal 
properties will also be simple. From Equation [17] it follows, 
that an additional temperature function only must be given to 
calculate the enthalpy for given values of p and v. This function 
can either be given empirically or can'be calculated from the © 
values, which are known by spectroscopic measurements for 
many substances. 


4—EMPrIricAL HQuATION OF STATE FOR VAPORS 


The possibility of representing the state of vapors by one curve 


100 200-300 4005001000 
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Fie. 9 REPRESENTATION OF THE CURVE OF STATE OF STEAM BY 
Equation [380] 


facilitates the formation of an empirical equation of state. Due 
to its characteristic form, the function +/R@ = f(#) is most suita- 
ble for the analytic representation. The curve of this function 
belongs to the type 


where x must be represented as such a function of @ that y from 
Equation [29] gives the same value as y = 7/0 from the curve 
of state, shown in Fig. 3, for the same value of 0. 
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To find this function « = f(6) we plot the values x in Equation 
[29] against those values @ of the curve of state, shown in Fig. 3, 
which belong to the same ordinate. Fig. 9 shows the curve 
a = f{(0) for steam which can be represented with great exactness 


_ by 


The points of state in the figure are the same as in Fig. 1. They 
scatter very slightly about the straight line which is for two 
thirds of all points within the tolerance of the skeleton table if 
@ is taken equal to 136.5 m deg C/kg’/*.. For the other points 
the deviation also amounts, in the most unfavorable case, to a 
small percentage. Since the measurements of volume of most 
vapors have small errors we can expect that the method described 
here for steam can be applied to the equations of state of other 


. substances. 


From Equations [29] and [80] we obtain 


mw (9/8) * 
Re (0/6)* __ 


The empirical equation of state then is expressed in natural 
properties by 


603 / T'3v 
rs (908/ Tv) ear 


pv 
RIT. 
Equation [82] holds for the entire range of vapor when v > 2v,. 
With the exception of the gas constant, this equation contains 
only one other constant, 4. It follows from Equation [20] that 


we must determine f (7/62)d0 in order to know the value of the 
characteristic function. It follows from Equation [31] that 


© (60/6) 4 0 R d(60/#)® 
gO - ® am yt () mi oe tt/*)? 1 
R (00/8) 


the integral of which is {e ah) = g 108 5(60/8)* 4 


Thus, we obtain 


e(90/6)3 


fo e2/T 
Ne Ry NOY 3(00/8)= mele R ye ys, Sep ae aye alsaila 


as the characteristic function. 
Hence, from Equation [19], the energy of the perfect vapor 
is obtained as the empirical equation 


603/Tv fo 90, 
R y: is Se 
a 1 &/T_]j 


e(903/Tv) __ 
Finally, the entropy results from the Second Law as 
= W + (u/T) 


From Equations [83] and [34] 


e(0/8)8 
Sey log, ¢(00/0)® 7 + 3k 


to — ole 


(0/4) * 
(90/8)? __ 
0./T 


fo e2./T 
+R > log, 377 —z tee ai 


Equations [31] to [35] involve Equation [30]. 


. [35 ]* 


5—EsTaBLISHMENT OF THE VAPOR TABLE 


If we start from the characteristic function to describe the 


* See amendment in author’s closure. 
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thermodynamic properties of a vapor, it follows from Equation 
{19] that pressure is the only thermal property which can be 
represented as an explicit function of temperature and volume. 
It is not possible to obtain volume or temperature as an explicit 
function of the other two properties of state. In vapor tables, 
the volume is to be represented as a function of pressure and 
temperature. A solution of this problem by an empirical method 
results in an analytic expression, which becomes more compli- 
cated for greater validity and exactness of the formula. However, 
the problem presents a simple solution for a system of the type 
of Equation [33]. 

The equation p = f(T, v), belonging to Equation [83], is repre- 
sented in Equation [32]. Multiplying both sides of Equation 
[32] with 693/7'%v, we obtain, with the aid of Equation [30] 


60\* p 1/zx? 
(3) Rr depo (36 } 
Moreover, from Equations [80] and [5] 
OP 7 GH BOA 8 ce RIE Rr aera [37] 


Thus, it is only necessary to establish a table of the function 


1/2? 
fig =A 
to determine the volume for the given pressure and temperature. 

First, calculate the left side of Equation [86] to obtain z(z). 
Taking the value « from the table, calculate v according to 
Equation [37]. After finding the p, v, T values, the temperature 
function of Equation [17] must be obtained from experimental 
data, from which equation the enthalpy can be calculated. The 
entropy is obtained from Equation [35]. 

In the equations used for the calculation of v, h, and s, the same 
functions which belong to the following types, are used 


1/z el/x 
el/* — }’ el/x _ } 


1/x? 
el/x — 1’ 


log, 


Once tables for these functions are made, the calculation of 
vapor tables presents no difficulty. An assumption similar to 
that of Equation [30] will be sufficient, in general, if the neighbor- 
hood of the critical point is avoided. By modification of 4 in 
the neighborhood of the saturation line, the accuracy required 
by the International Steam Tables can be maintained. 


6—IsoTHERMAL WoRK OF VAPORS 


For a vapor which satisfies Equation [383], the following is 
obtained 


RT  68/Tv 
P= Saft pe [38] 
or 
RT* _(60/6)§ 


P~ “G3 e6o/0)* 


The isothermal work of expansion can be found from 


T4 4/6)8 
ae Ue dv 


dA = G93 @(0/8)® 1 


By substituting Equation [80] for 7’ = constant 


1/x? 


Nae =e dz 


dA = RT 
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the integral of which for the work of expansion, from the initial 
state to the final state, is 


1 ea l/n 


A RE log, (eae 


Substituting the original variables, the isothermal work of ex- 
pansion is found as 


1 — em (00/T)3(1/m) 


Ams iyi log, 1 — en (00/T)*(/02) wee eee eee 


In the limiting case, where the vapor condition approximates 
the gas condition—large values of T or »—the exponential func- 
tion can be developed in a series which can be terminated after 
the linear term, thus obtaining the approximation 


en (00/T)3(1/v) _ 1 A0\* 1 
IME O 


A = RT log, (v2/v1) wrateuete uate tenets fovalte ef /dala: {40 ] 


In this case 


which is the well-known law for the work of expansion of a per- 
fect gas. It is of interest to examine the manner in which the 
external work of Equation [39] varies if the volumes x and 2% 
remain the same, but the temperature 7 is changed by d7’ and 
then T is allowed to approach zero. 

By differentiation at constant volume, from Equation [39] 


aA 1 — 6-0/7) on) 
Se) tt 10k ae eae 
ar), [= Gi Tm) 
(60/T) °(1/02) 

+38 (cavrares =i 


The first term in Equation [41] is 


e(00/T)3(1/02) 
Blog. ated /m) — 1 


(90/T)*(1/0) 
© 9(00/T)#A/n) a [41] 


e(90/T)3(1/n) 
e(90/T)#(1/n) __ 


F log, 


Then, if 7 approaches zero, each term in Equation [41] ap- 
proaches zero. Accordingly 


To show the application of Equation [39], calculate the work 
of isothermal expansion for steam at 400 C from 200 kg/cm? to 
100 kg/em? (A-B in Fig. 1), which is a range where the 
deviation from the gas law is very large. 

For a check, first calculate the amount of the work from the 
V.D.I. steam tables. 


In the initial state: In the final state: 


v, = 0.01031 m3/kg ve = 0.02710 m3/kg 
hy = 676.6 Keal/kg h. = 740.4 Keal/kg 
8: = 1.3327 Keal/kg deg C =) = 1.4865 Keal/kg deg C 
uw = 628.3 Keal/kg uz = 676.9 Keal/kg 


According to the Second Law, the work of isothermal expan- 
sion is 


Aa T (82 $1) (us U1) 
With these values, it follows that 
A = 54.9 Keal/kg 


According to Equation [39], taking 0) = 
and »;, % from the V.D.I. steam tables 


136.5 m deg C/kg’/* 
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__ 0.008337 
—e 0.01031 

A = 74.2 log, SO|00S33 Than 74.2 log, 2.0940 = 54.8 Keal/kg 
1—e 0.02710 


which is in close agreement with the steam tables. 
The perfect gas law gives 


A = RT log, (pi/p2) = 74.2 log, 2 = 51.4 Keal/kg 


which is in error 6.8 per cent. If the work is calculated from 
Equation [40] which is an equivalent form for gases, we obtain 


A = RT log, (v/v) = 74.2 log, 2.6285 = 71.7 Keal/kg 
which is in error 30.6 per cent. 


7—Tue ADIABATIC CURVE* 


The differential equation for the adiabatic curve of the per- 
fect vapor can be derived from Equation [6] where ds = 0. 
Using Equation [8], the following can be written 


(1/a) (da + dr*) = r*de 


or 


From Equation [13] it follows that 
dr* = a2 0%! rose dv + av™duose 


which when substituted with Equation [13] in Equation [43] 
yields 
dr = — av dttose 


Hence, making use of Equation [5], the differential equation for 
the adiabatic curve is 


In Equation [44], w is a function of @ only, while wosc is a function 
of T only. Thus, the integration is possible as soon as these 
functions are known. 

Since monatomic vapors have no energy of oscillation and, for 
diatomic vapors, the energy of oscillation is not activated at low 
temperatures, in these particular cases, Uose = 0. Consequently 
dx = 0 and 7 = const which can be written as 


putts =sconstis: ties, Saas eee [45] 


in the natural properties of state. 

It follows from Equation [45] that for monatomic vapors and 
for diatomic vapors at low temperatures each point on the curve 
of state in the 7, 6 diagram represents an entire adiabatic curve. 
Thus, all states which coincide into one point in the 7, @ dia- 
gram are connected between each other by an adiabatic change 
of state. 

As an approximation, the energy of oscillation of polyatomic 
vapors can be considered constant over limited ranges of an 
adiabatic change of state. Then in Equation [44] dose again 
equals zero, and Equation [45] may be used for polyatomic 
vapors also. 

Using the @ values in Equation [3], the equation of the adia- 
batic curve is 


pv/* = const 
pv'/® = const 
po'/ * = const 


for monatomic vapors 
for diatomic vapors 
for polyatomic vapors 


* This section superseded by Equations [110-113]. 
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The last equation has been introduced by Zeuner for the adiabatic 


- curve of superheated steam. 


Equations [46] do not involve the fact that the perfect gas law 
be fulfilled, or that wmoi equals zero. 


. 


8—EsTABLISHMENT OF THE MOLLIER CHART 


To represent adiabatic changes of state, the Mollier chart 
must be used which, for the perfect vapor, is developed as 
follows: 

Equation [85] can be written in the dimensionless form 


where the functions f and g are given by Equation [35]. Deter- 
mine the isothermals in the h, s diagram. In this case, g(7'/6) is 
constant. Then, choose an arbitrary pressure, calculate » from 
Equations [386] and [87]. This allows us to calculate h from 
Equation [17], and 6, f(@/60), and s/R from Equation [47]. Thus, 
h can be plotted against s/R for given values of p and T. This 
may be done for any pressure desired. Finally, the isobars 
can be traced through the points of constant pressure on different 
isothermals. 

To show the reliability of a Mollier chart thus established, we 
consider an adiabatic expansion of steam where the results can 
be compared with thé V.D.I. Mollier chart. Take the initial 
state as 


pi = 120 kg/cm?, 4, = 490 C 


In the final state, the temperature be given as 
t, = 230 C 


while the final pressure is obtained from the condition for the 
adiabatic change of state 


s/R = const 


This process is marked by the line C-D in Fig. 1. 


First determine g(7'/@) for the initial condition. The three 
characteristic temperatures of H,O are 
OQ; = 2342 C, On — sn, 03; = 5492 C 


With these constants, the first termin the function g(7'/6) in 
Equation [47] reads 
92342/T ¢5357/T 
= log, goean/T =te log. posh 7) Tae 
e2492/T 
+ log, 20402/T 1 


Substituting the initial temperature 7; = 490 + 273.16 = 
763.16 Cabs gives 


=L(T/0,) = 0.04765 + 0.00090 + 0.00075 = 0.04930 


With the same constants, the second term in the function g(7'/6) 
in Equation [47] reads 


2342/T 5357/T 


’ 5492/T 
Ly(T/e,) = poeaa/ TT e0357/T __} 


ep492/T __] 


Substituting the initial temperature T; = 763.16, we have 
Sy(T/0,) = 0.1496 + 0.0063 + 0.0054 = 0.1613 


Thus 
g(T/8) = 0.1613 + 0.0493 = 0.2106 


The initial volume is calculated from the method developed in 
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Section 5, using Equations [36] and [37]. For steam, 9) = 136.5 
m deg C/kg"/?, 
Thus we have 


Dian ap l20exal0" 
RT 47.064 X 763.16 


TY)’ _ (763.16\" _ 174.76 kg/m? 
Gi ee ISCS0 ee ee 


Equation [36] gives 


= 33.410 kg/m’ 


and 


a(t) = ES aja 0.191176 
Oe)? 174765 
- ' 1/x? 
From a table of the function z(z) = mes 
e al 
it is found that 
zx = 4.6933 
From Equation [37] it follows that 
Fe eee OPES EE | on086 Tat 
2 (TU6)3, ML TETOM ox Be 


This value agrees with 0.02687 m/kg from the V.D.I. steam tabie 
within the tolerance. 
Then, from Equation [17] the enthalpy in the initial state is 


T 
hy = 4pv + RTZy a 


u 


_ 4X 120 < 104 x 0.02686 
o 427 
+ 0.11023 X 763.2 X 0.1613 


which gives 
hy = 315.5 + Ao Keal/kg 


where the constant ho is introduced to provide the conventional 
zero point of enthalpy. 
To calculate the function f(@/60), we find from the initial data 


9 = Ty'/* = 763.16 X 0.02686'/? = 228.58 m deg C/kg’/? 


and 


Then, the two functions constituting f(6/@) are 


3 
wie = 0.89731 
and 
(90/8) * 
log, C1) ay 1.6513 
Thus 


(0/00) = 1.6513 + 3 X 0.89731 = 4.3432 
Furthermore, from Equation [47] 
s/R = 4.3482 + 0.2106 = 4.5538 
The final temperature is 
Po = 230) -— 273.16 = 503.16\Crta 


For this temperature, the two terms in the function g(7'/0) are 


T 
Sy (5) = 0.04518 
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and 


il 
—) = 0.00960 
21(5) 
T 
9 G. = 0.05478 
8 


For an adiabatic change of state 


Hence 


s/R = const 


Substituting the previously obtained value of s/R, Equation 
[47] yields 


f(0/00) = 4.5538 — 0.05478 = 4.4990 
From a table of this function 
6/0) = 1.7498 
Hence 
@ = 238.85 m deg C/kg’/® 
and for the final volume 
ve = (6/T)* = 0.1070 m*/kg 
The final pressure is obtained from Equation [38] as 
p2, = 20.13 kg/em? 


For these values 72 and ps2, the V.D.I. steam table gives » = 
0.1071 m*/kg, which agrees with our calculated value within the 
tolerance. 

From these properties the enthalpy in the final state is ob- 
tained as 


ho = 204.3 + ho Keal/kg 
The net adiabatic work follows from the Second Law as 
L = hy — hy = Mth % Keal/kg 


The V.D.I. Mollier chart gives for adiabatic expansion between 
the considered limits 


L = 112.4 Keal/kg 


The deviation is within the tolerance. The example shows that 
the described method permits establishing a Mollier chart of 
satisfactory exactness. 


9—EXTENSION OF THE EQuaTION oF Strate To Hicu DeEnsitTixs 


The characteristic function of the perfect vapor is composed 
of the following four terms: 
(a) Translation, according to classic theory 


3 
Vir = (3) R log, (2rmkT) + R log, (v/h?) 
(6) Rotation, according to classic theory 


1 3 8rkT L 
Vrot = ( = R log, (Cae -- R log, aa 
7 h? 7 


(c) Oscillation, according to theory of quanta 


fo 1 
Vose = R Y: ‘ log. ae abe 


(d) Molecular forces, according to empirical formula Equa- 
tion [33] 


«5 
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(60/8)1/« 


Vno = FR log, T — en o/ty 7a Per pote eke akc 


where h, J, K, L, m are constants. Then, 
V= Ver aE Wrot + Wose =e Wmol 


By differentiation according to Equation [19] the relations for 
the perfect vapor are obtained. 

At high densities, the space occupied by the molecules has to be 
taken into account, whence 


Vir = (3/2)R log, (2emkT) + Rlog, (v—b)/h3..... [49] 


Thus, Equation [19] yields the thermal equation of state 
i epeidise ( (60/0) 1/ ) 
1 


DEL G cgt Nel O 2 


The second term represents the internal pressure resulting 
from the molecular forces. After rewriting this equation, for 
a = !/; the following is obtained 


pv (60/0) 8 b 


PT UO a 2 6 = alee [50] 
and 
=r [51] 
pe o(v — b) DT ofr ee 


Equations [50] and [51] represent an empirical equation for both 
the liquid and the vapor state. It is evident that, in the range 
of high densities, the points of state do not coincide on one curve. 
The relations derived for the perfect vapor do not hold, but they 
are obtained for the limiting case v > b. 

Superimposing the curves which are represented by the two 
terms in Equation [51] yields p, v isothermals similar to those in 
van der Waals’ equation of state, with the distinction that the 
difference between the maxima and minima approaches zero for 
very low temperatures as well as for very high temperatures, 
so that p is unable to assume negative values. 

It is not possible by means of the simple assumptions of 
Equations [48] and [49] to obtain more than a qualitative 
representation of the equation of state of a liquid, because in the 
range of very high densities more complicated laws hold for the 
molecular forces. 


10—DeEpucTION OF THE VAPOR-PRESSURE CURVE FROM THE 
EQUATION OF STATE 


If the equation of state of a system 
Fi (D5, Py cla) sea O sho stone ries nerds [52 | 


which includes both the liquid and vapor state, be known, it is 
possible to deduce the vapor-pressure curve 


EG) Me Wee Ue eerie rr [53] 


from this equation. The knowledge of such energy quantities 
as heat of evaporation is not necessary for the solution of this 
problem. 

First, set up the mathematical relation, which must be satis- 
fied by the corresponding points of state of the liquid and vapor 
phase. This relation is obtained by representing the system by 
the three properties of state which have the same value for both 
phases in the thermodynamic equilibrium, i.e., pressure, tem- 
perature, and thermodynamic potential. The thermodynamic 
potential 


G=u+pv—Ts 


\ 
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may be considered as a function of the two other properties and 
is connected with them by the relation 


from which 


Gai feydpie ny en ee eee: (55] 


The condition of equilibrium to be satisfied for the vapor-pres- 
sure curve is that G has the same value for both the liquid and 
for the vapor phases. Therefore 


Caron Gee ee [56] 


Since the temperature is identical in both phases, the temperature 
function in Equation [55], resulting from the integration of 
Equation [54] can be deleted in Equation [56]. Then; the con- 


dition of equilibrium can be formulated as follows. The func- 
tion 
g = Svdp 
has the same value in both phases; a fact which gives 
(cat pcre, coms anes ceo [57] 
and, instead of Equation [54] 
RAG) AD tere te ts. c ears (58 ] 


Introduce this expression into Equation [52] to obtain the 


differential equation 
d 
F @ », r) <<, ee ee [59] 
dp 


which when integrated at constant JT gives the state of the 
system represented by a family of isothermals on a g, p diagram, 
namely 


D( 7D ely) OLR ete rarhectr ys ke (60} 


To recognize the character of the vapor-pressure curve, examine 
the isothermals in Equation [60] for a given equation of state. 

Since an analytic determination of the function in Equation 
[60] is not possible for the Equation of State [51], we choose as 
an example Berthelot’s equation of state 


RT 


The constants are found from the condition that in the 
critical point both op/dv = 0 and 02p/dv2 = 0, namely 


(= (CVinitiep enol y= (UB. sanaacesc (62 ] 


These results give the p, v isothermal of Fig. 10. According to 
Equation [58], by integration of the p, v isothermals 


g = Sodp = py— fpdv 


which gives the g, v isothermals. 

Plot p against the values of g, which belong to the same », to 
obtain the isothermals of the g, p diagram. These isothermals 
represent the integral curves of Equation [60] which belong to 
the Differential Equation [59]. These integral curves have one 
double point located between two cusps. On the branch of the 
curve between the cusps, d?g/dp* > 0, or according to Equation 
[58] dv/dp > 0. This portion of the curve corresponds to the 
unstable space between the two phases. The double point repre- 
sents the state in which the thermodynamic potentials of both 
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phases have the same value; it is a point on the vapor-pressure 
curve. Thus, the two portions of the curve between the double 
point and the cusps represent the metastable range. The parts 
of the curve outside of the double point represent the ranges of 
stable liquid and stable vapor. Therefore, the boundary curves 
between the unstable and the metastable state are the locus of 
the cusps and the vapor-pressure curve is the locus of the double 
points of the family of isothermals. Thus the curves of equilib- 
rium are represented as the curves of singularities of the integral 
curves in Equation [60]. The curves of singularities, however, 
are not singular solutions of the Differential Equation [59], be- 
cause their tangents do not coincide with those of the regular 
integral curves, which is evident from Fig. 10. 


WwW 


Fie. 10 DrtTeRMINATION OF THE PHASE EQUILIBRIUM FROM THE 
EQUATION OF STATE 


The problem to calculate the vapor-pressure curve for a given 
equation of state requires the determination of the curve of the 
double points in Equation [60], that is, the determination of that 
point of the integral curves in Equation [60], for which the con- 
dition 


is satisfied by two real and different solutions. Although the 
graphic solution of this problem is not difficult, the analytic 
solution will be practicable in particular cases and then only in 
the implicit form of Equation [53]. 

To explain the method developed, first calculate the vapor- 
pressure curve belonging to the Equation of State [61]. By 
substituting Equation [58] into Equation [61], the particular 
form of the Differential Equation [59] is 


RT a 


> (G@/dp) —b  T(dg/dp)? 
Writing 
apeeno 
SUS an ORCA Or OOUD 64 
w=b es [64] 
where 
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is obtained. Differentiation with respect to g gives 


dw/dg 2a dw 


pee ed 
De a ah ey 


In this latter equation, a separation of variables is possible, so that 


dw 2a 
dg:— Be eran yt ere e 
and the integration gives 
Tigh 2a 
a ee et) Oo onion 6 
g = RT log.5 ieee pete’ [66 ] 


Let the constant of integration be zero. Now, eliminate w in 


Equation [66] by using the Equation of State [65]. Equation 
[65] then gives an equation of third degree in w 
REb 627 wT 
PP he se ty ap i) || — 9 = 
a a 
If the quantities 
RT eT 
a= and SS "Pisano ndces [67] 
a a 
are introduced 
w — w? + w(a + 6) —B =0............ [68] 
If wi, We, wz denote the three roots in Equation [68] 
(w — wi) (w — w2) (w — ws) = 0 
or 
we — (wr + We + ws)w? + (wie + wis 4+ wes) W— 
WiW2W3 = 0 
By comparison of the coefficients with Equation [68] 
w w. wW3 = 1 
Ot eee: [69] 
Wi X WwW. K ws = B 
Using Equation [65], 6 can be replaced by a so that 
Eis ce vee aan vat tenis [70] 
w 1l—w 


Thus, the second of Equations [69] reads 


Qa 
We x W3 = —0f 
1—w 


The roots wz and w; can be expressed by w; with the aid of Equa- 
tions [69]. Let 


Wo ANY Cas) 2 ee ee) 


Then by omission of the subscript of w; 


We = 1/x(1— w+ W) 
W3 = 1/.(1 at W) 


Equation [68] gives w, according to the Cardan formula, as 


TRANSACTIONS OF THE A.S.M.E. 


FEBRUARY, 1941 


w= 


PPO IED) 
i i (OSs +5)-a¥l a> + aa (¢—0-1)) 


Introduce the function 


Wl 


wile 


@ = g/RT 
which can also be considered as a function of equilibrium, be- 


cause J has the same value in both phases. The three roots of ¢ 
can be found from Equation [66] as 


Ww 
Or = log ge tae a 


1—w 1—w a 
= T LW Wy ee SR, ae ae 73 
A) ge Seren gM Boe 12 Ey (73) 
1—w—W 2 1 
er ramapeeres co cerprereriiiar nti W) | 
Then, the complete integral function is 
& = (¢ — gi) ($ — g2) (> — $3)..-.......- |74)} 


in which the values above are to be substituted for ¢1, ¢2, ¢3. 
The locus of the double points of this function is the vapor-pres- 
sure curve. 

Equation [74] is too complicated to calculate the curve of the 
double points from the condition expressed by Equation [63]. 
But since, in the foregoing example, the equations of each of the 
three branches of the equilibrium function are given, only the 
point of intersection of two branches need be calculated. 

The problem can be solved easily by first determining which of 
the three roots of w belongs to the liquid, the unstable, and the 
vapor phase. By calculating these values for one isothermal we 
find that w, corresponds to the liquid state, wz to the unstable 
state, and w; to the vapor state. The same holds for the func- 
tions ¢1, ¢2, ¢3. Thus, the vapor-pressure curve is the locus of the 
points of intersection of ¢: with ¢3 on the different isothermals, 
so the condition is 


Thus, it follows, after rewriting Equation [73] that 


2 1—w 1 
lar eel Fe )] aii ce aceee, 


If, for w in Equation [76] is substituted its value from Equation 
[72] and the a and £ are replaced according to Equation [67] 
by functions of p and 7’, Equation [53] is obtained. This is 
the implicit vapor-pressure curve of the Equation of State [61]. 
Also, p as a function of 7’ is obtained by graphic solution of the 
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Fie. 11 DETERMINATION OF THE VAPOR-PRESSURE CURVE OF 


Equation [61] 


transcendental Equation |76] giving w = f(a), as shown in Fig. 
11. This curve in conjunction with Equation [70] gives 


Ww 


eS a) —wy? 


il —=0)) 
which is the curve 6 = f(a) in Fig. 11. Replacing a and 6 by 
Equation [67] gives with the aid of Equation [62] 


T \ 27 ) p 278 
— = —a and | = —— 
ip 8 Pr Lf 

T;, 


The vapor-pressure curve of Berthelot’s Equation of State [61] 
in reduced properties can now be found from Fig. 11. The loca- 
tion of this curve is marked by circles in Fig. 12. The figure 
shows that the vapor-pressure curves of H,O and CQO, are very 
close to this curve. 
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Discussion 


H. D. Baxker.* The author has undertaken to establish a 
method of computing tables for the thermodynamic properties of 
substances when only a few experimental data are available— 
less than have previously been considered necessary. 

In order to do this he has assumed that the internal energy 
of a gas is given by his Equation [2], which takes account of 
energy due to translation, rotation, oscillation, and intermolecu- 
lar forces. He neglects other forms of energy, such as electronic, 
nuclear, and chemical energy in the molecule. There is little if 
any evidence that these last undergo appreciable changes in 
thermal processes at ordinary temperatures. Hence, they are 
of no practical importance here. 

Translational and rotational energies are computed by means 
of the Boltzmann ‘‘equipartition theorem.” It is to be noted, 
however, that this is not a rigid law, but rather a rough generali- 
zation. The term a is usually a function of temperature, de- 


4 Department of Mechanical Engineering, Columbia University, 
New York, N. Y. 


creasing in the case of hydrogen almost linearly from approxi- 
mately ?/; at —350 F to approximately ?/; at 100 F (6).° 

The author has obtained an expression from the quantum 
theory for the energy due to oscillation. This method has been 
used with success in computing specific heats and radiation 
exchange (7). It is, however, somewhat laborious. To deter- 
mine the energy due to intermolecular forces he has, in effect, 
assumed an equation of state 


pottl = F(Tv%) 

where F is an undetermined function, but which is later limited 
by the condition that pv approach RT at very low pressures. 
This implies an assumption that when 7'v® is constant, port j 
This is true for an ideal gas, for which 
Gs 
Gs 

6 Numbers in parentheses (6) to (15) refer to the Bibliography at 
the end of this discussion. 


8 


also constant. 


=at+l1 
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The latter condition imposed is justified by experience with actual 
gases (8). ; 

The expression which the author has obtained for the con- 
tribution to the internal energy by intermolecular forces is 


1 
Uma = — (pv — RT) 
a 


The accuracy of this expression must be tested. 
Differentiating at constant temperature, we obtain 


Ee Al | 
Ww |r al dw Ir 


du 
It is assumed that the internal pressure (*) , denoted by 4, 
U/T 


d 
is due to intermolecular forces (9, 13). Then (*) should equal 
Tr: 


mo: 1 aj 
E | Bohe \ should equal — | | ; 
aw Ir a!| dv |r 


Reliable experimental data exist for both \ and pv. The de- 
1} a 
gree to which values of 2 e , as calculated from these data, 
a yw IT 


approximate the experimental values of ) will then be a test of 
1 

the accuracy of the author’s Equation [15], uma = — (pv — RT). 
a 

The writer has made such a test and for it has chosen nitrogen 


as being a substance of normal behavior. He has obtained 


lpled 
= Ea by scaling isothermal pu versus p curves (8), and has 
a v 16 


scaled values for \ from Clark’s curves (10, 11, 12, 13, 14).° ais 


6 Dr. Roebuck has communicated to the writer the fact that Ward 
Murrell and Vance have recently computed ) for nitrogen from 
data previously published (14). They find \ = 0.00297 at 1; 1.186 
at 20; 10.56 at 60; 28.47 at 100; 53.25 at 140; and 101.83 at 200, all 
in atmospheres at 32 F. 
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assumed to be 2/5. 
cussion, 


The results are shown in Fig. 13 of this dis- 


Ih |} ei 
It is clear that values for — | do not at all agree with 
a Vv T 


those for \. Hence, the validity of the author’s expression 
1 

Umol = — (pv — RT) is not sustained in this test. The fair de- 
a 


gree of agreement with experiment which he demonstrates in his 
section 3 may be accounted for by the fact that there the energy 
changes, due to intermolecular forces, are lumped together with 
much larger quantities (11, 13). Hence, his check is not a reli- 


1 
able test of the accuracy of his expression tmo1 = — (pv — RT). 
Qa 


Most of the relations in section 2 of the paper depend upon 
those assumptions which gave rise to the foregoing relation. 
Also many equations and calculations in subsequent parts of the 
paper depend upon the equations in section 2. The results of 
the test, shown in Fig. 13, indicate that such equations and 
calculations cannot be relied upon implicitly. If used, they 
must be used with due discretion. 

In the writer’s opinion, expressing isolated experimental ob- 
servations in general formulas is useful in proportion to the ac- 
curacy with which these formulas represent the facts, to the 
simplicity of these formulas, and to the degree to which they may 
reasonably be used for extrapolation to cases for which no experi- 
mental data exist. Such a form as a power series, for example, 
is simple, and the accuracy of the “‘fit’”’ to the experimental data 
will be in proportion to the number of empirically determined 
constants (15). However, extrapolation is resorted to with con- 
fidence only when the formulas have thoroughly sound rational 
bases. 

It is the writer’s opinion that the author has succeeded in 
satisfying the first of these three requirements but there is lack of 
evidence of success in regard to the other two. 
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Fr. Bosnsakovic.? The attempt to characterize a perfect 
vapor by the property, that z is a function of @ only, is very inter- 
esting. The possibility of establishing an exact equation of 
state with the aid of only a few experiments is quite valuable. 
The disadvantage of this method is that the physical significance 
of the ‘elementary properties of state” a and @ is not evident. 
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The neighborhood of the critical point is described incom- 
pletely, even by means of these complicated considerations. 
The reason probably is the extraordinary variety and variability 
of the molecular clusters in this region, where any assumption 
of a roughly uniform substance cannot even lead to approximate 
solutions. Such an assumption is introduced by the calculation 
of the internal energy wu from Equation [16]. 

It is desirable to extend the considerations to vapor mixtures 
where experimental data are even more scarce. Here, the knowl- 
edge of the enthalpy and entropy is particularly valuable for 
many purposes. It may be that the definition of a ‘‘perfect-vapor 
mixture” in the described manner would be useful. 

The same may be said of gas mixtures at high pressures, as used 
in process industries, but here the prospect looks less hopeful. 


J. H. Keenan.’ This paper is an interesting addition to the 
literature of the equation of state. The author provides a means 
of control in the development of an equation of state which will 
doubtless be frequently employed in future work. 

Perhaps it is worth-while to point out that the author’s method 
is based on the assumption that along a line for which pv* is 
constant 7'x®—1 is nearly constant, where k denotes the author’s 
(a + 1). The value of k is 5/3 for a monatomic gas, 7/5 for a 
diatomic gas, and so forth. It is well known that for most engi- 
neering gases a line for which po® is constant is, very closely, a 
line of constant entropy over most of the vapor region; and the 
same may be said of a line for which Tv*—1 is constant. There- 
fore, each point on the empirical curves of Figs. 2 and 3 of the 
paper represents, approximately, a line of constant entropy, 
at least in the vapor region. From this point of view it is not 
astonishing that the relation between a and 0 is not unique at 
high pressures relative to the critical pressure or in the liquid 
region. 

The curves of Figs. 2, 3, and 4 are to such a small scale that it 
is not possible to determine the precision to which properties of 
steam can be represented by a single curve. A table of differ- 
ences from the International Skeleton Table values would be 
illuminating. 

The author might well have shown more consideration for his 
readers, one of whom encountered the following difficulties: 
The derivation of Equation [7] is not adequately indicated. The 
independent variables change so often in the course of the analy- 
sis that it is only by great effort that one can determine which 
variable is held constant in differentiation. Perhaps it is not too 
late to add subscripts to the derivatives. The introduction of 
the expression for Cosc and the consequent summations in Equa- 
tions [16] and [17] appear to serve only to complicate the mathe- 
matical relations; symbols for pure temperature functions would 
have served as well. In the applications made by the author, 
empirical data take the place of these involved expressions. 
Equation [63] is not enlightening. The symbol a appears with 
two different connotations. Section 10 seems to bear little or no 
relation to the previous sections; moreover, there is nothing 
in it which tells just what new material it contains. 


F. G. Keyes.? The author states that three ways are avail- 
able for investigating the properties of thermodynamic systems: 
(1) The ‘‘properties are derived from experiments with real sub- 
stances.’’ Experience has shown without exception the sound- 
ness of this method, and one might well add, the absolute neces- 
sity of carrying out controlled measurements if real knowledge is 
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desired about any substance. (2) The author states that the 
properties are determined from a theory. It is, however, self- 
evident that a “theory” is bounded strictly by the experimental 
basis upon which it is established. For example, Maxwell’s 
theory of electricity and magnetism based on Faraday’s ex- 
perimental results at ordinary temperatures has been so satis- 
factory that anyone questioning its inclusiveness would be con- 
sidered suffering from an aberration. The electromagnetic be- 
havior of some metals and many semiconductors at low tempera- 
tures is now known however to be at variance with Maxwell’s 
theory, so much so that we must regard the theory (as finally all 
human effort must be regarded) as bounded. (3) The author 
states, “the properties are deduced from a definition, by which 
an ideal system is created.”’ It is difficult to perceive how posi- 
tive knowledge can evolve out of definitions, and moreover the 
number of possible definitions is about infinite at least. 

The author’s procedure rests essentially on the introduction 
of a number of new variables which are functions of physically 
measurable quantities, ‘‘observables’’ for example, pressure, 
volume, and temperature. The new variables are therefore not 
observables but must be deduced from them. 

Thus, 0 = Tv*, g = Inv, e = w® (wis intrinsic energy) 

x = port (a is twice the reciprocal 
of the number of degrees of 
freedom of the molecule re- 
garded as a mechanical 
model) 


are called by the author “elementary properties of state.” The 
author does not show that 0, ¢, «, and 7 are unique, and it will be 
observed that they are not independent. That is, the thermo- 
dynamic state of a body may be specified by its energy, entropy, 
or the functions enthalpy or free energy, and each of these is 
expressible in terms of two variables, p, T; v, 7; or p, v pro- 
vided gravitational and electrical effects are absent and the body 
is isotropic. The observables u, p, v, T in terms of 9, ¢, e, 7, and 
a are 


T =0e-%; p=nre Gt), yao; y=ce—@... [77] 


Thus it is seen that except for v three of the new variables are 
required to specify each observable T, p, or u. Of course a is a 
constant for any specified pure substance but in the general case 
a would vary from one equilibrium state to another (chemical- 
reactive gas mixture). 

The quantity intrinsic energy wu is expressed in three ways 


RT 
a Es SEP as do oben De [78a] 
a 
OF © BH OUR SSRI & ORAS POE OAT [78d] 
AL ev CO ima”, aeaar ne eas Ase: as [78c] 


In these equations tose is the energy due to the vibrational energy 
of the separate atoms comprising the molecule; wma is the intra- 
molecular energy while p* from Equation [11] and that following 
Equation [5] is given by the following equation 


p* = Ge "ite) f(Qe—e") = 9 @ +t) [o f(T)]7 


The term for the rotational energy is taken to have its classical 
value and incorporated in the first member with the translational 
in the factor a~!. This is not a valid assumption except at high 
temperatures. The Equation [78c], however, admits of no re- 
striction unless it is equated to [78a] as a means of defining e. 
Thus, something is left to be desired with respect to just how wu is 
to be regarded. Of course the unambiguous method would be to 
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integrate a general relation for u without making any hypothesis 
about new composite variables. 
Using the author’s variables one may integrate the following 


equation 
ra) ro) 
LORRY KLE SS = 
ov/T Outs 


Introducing the variables and letting a remain constant}? we 
find the equation for energy becomes 


e Po} vA 
u— wu = f(T)p+0 + ge = dp — 
mali @ i 20 


= P= % 


e %? dg. [79] 


where f(7’) is a function of temperature alone and wp a constant 
corresponding to selected values of T and ¢. To evaluate the 
energy in these variables does not appear to offer special ad- 
vantages even if the integrands of the second and third terms 
of the right-hand member of Equation [79] can be integrated in 
terms of known functions. Of course, in the end, for practical 
purposes, the energy must be expressed in terms of observables, 
LCi Duels Oaks 

The author’s real objective is, however, to suggest a relation 
connecting the variables p, v, and 7 for a unit of a pure substance 
and this he comes to in Equation [32]. The value of the paper 
is in the main to be judged on the basis of whether this two- 
constant equation, in the case of any pure substance of interest, 
will suffice to represent the available experimental data with satis- 
factory fidelity. The ‘‘perfect vapor” is one that follows the 
relation (Or/O¢v)9 = 0 or rt = f (0), oragain, ppbtt+@ = f(T) and 
the author finds that, in the case of steam, pv‘/* versus T'v'/* does 
bring the p, v, T data into a single line except at the higher densi- 
ties in the vapor phase. The line in these variables is linear at 
low densities but the curvature is pronounced as high densities 
are approached. It is Equation [32] of the paper which is offered 
as the best empirical expression of the “perfect vapor.”’ 

A small transformation of Equation [32] with expansion of the 
transcendental term leads to 


Rk 6 R 6 
PRET iy ay Ta | 
vine heal OR 
es p [32a] 
or je— le SS os st 
Ty Ty? 


where Aj, Ag, etc., are constants characteristic of each substance. 
Forming the expression for the Joule-Thomson coefficient u, we 
find 


2A 1 6A, 1 1 [80 
ey eG Re | 
where pv has been eliminated by using Equation [32a]. Thus, 


it is seen that the latter equation suggests the original treatment 
of Joule and Thomson whereby their results were found to follow 


Cc 
the form™ ye, = Tr where c is a constant and n is taken to be 2. 


Callendar chose an equation of state which may be regarded as a 
special form of Equation [82a] where the higher terms are 
dropped. 

It is now well known, however, that the Joule-Thomson coef- 
ficient is positive, zero, or negative for pure substances, depending 
upon the temperature even at very low pressures. Thus, it is per- 


10 Satisfactory only at temperatures high enough to warrant 
setting the rotational energy equal to its equipartition value. 

11 “On the Geometrical Representation of the Expansive Action of 
Heat, and the Theory of Thermodynamic Engines,’ by W. J. M. 
Rankine, Philosophical Trans. of the Royal Society of London, 1854, 
pp. 115-176. 
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ceived that any equation of state leading to a Joule-Thomson 
representation which is invariably a positive quantity is greatly 
restricted in generality. 

The author has not shown by actual comparisons the degree of 
fidelity with which the p, v, 7’ data for steam may be represented 
by his Equation [32] but, if it is not better than the approxima- 
tion shown in Table 1 for (h — 4 pv), considerable is left to be 
desired in point of precision. It is also worth stating that there 
is no a priori theoretical justification for believing that the auth- 
or’s Equations [382] or Equation [80] of this discussion offer any 
prospect of finality. The graphical representations of the 
properties of steam, carbon dioxide, and propane are however 
astonishingly good. 

Section 10 contains nothing new! and it is well known that 
one uses the devices of the section only as a last resort in the ab- 
sence of experimental information. 


B. H. Sacu.! The author has suggested the use of certain 
derived properties of state which are related to the ordinary ther- 
modynamic properties in an arbitrary fashion, The behavior of a 
“Herfect vapor’ is derived by employing these “elementary 
properties of state,” so restricted that for a single substance each 
such property is a single-valued function of one individual vari- 
able. In so far as the assumptions are in agreement with experi- 
mentally determined behavior, this procedure reduces materially 
the experimental information required to establish the thermo- 
dynamic behavior of a pure substance. Comparisons with 
experimental data are given and indicate that digressions from 
this relatively simple correlation become appreciable at the 
higher densities. Apparently, the relationships are no more 
than qualitatively applicable to liquids. The general approach 
to the evaluation of the constants in the “elementary” equation 
of state is based upon kinetic hypotheses and the values vary 
with the molecular nature of the gas. 

Thermodynamic relations, based upon the equation of state 
for a perfect vapor, are employed to calculate a number of 
properties such as enthalpy and free energy. Several compari- 
sons between predicted values for the work associated with 
changes in state under arbitrary conditions of restraint with 
those obtained from experimental information are given. In 
general, reasonable agreement is obtained but it should be realized 
that the equation of state is based upon experimental informa- 
tion concerning the behavior of the material. It is the writer’s 
belief that the agreement with experiment is not as good as has 
been obtained in some other cases, notably in the application of 
the Beattie-Bridgeman equation of state to the behavior of hy- 
drocarbon gases. However, this is not surprising in view of the 
fact that, in the application of the more complicated Beattie- 
Bridgeman equation, more data are required in order to estab- 
lish the constants. 

The author has applied Berthelot’s equation of state to the 


12 “Die Theorie des Sattigungsgesetzes,’’ by M. Planck, Wiede- 
mann’s Annalen, vol. 13, 1881, pp. 535-543. 

“Uber die Theoretische Bestimmung des Dampfdruckes und 
der Volumina des Dampfes und der Flussigkeit,’’ by R. Clausius, 
Wiedemann’s Annalen, vol. 14, 1881, pp. 279-290 and 692-704. 

“Die reduzirten Gibbs’-schen Flacken,’’ by K. Onnes, Communi- 
cations from the Physical Laboratory of the University of Leiden, 
no. 66, 1900. 

“Note on van der Waals’ Equation,’”’ by H. Hilton, Philosophical 
Magazine, vol. 1, 1901, pp. 579-589 and vol. 2, pp. 108-118. 

“Der Satz vom Thermodynamischen Potential beim Gleichge- 
wichte eines heterogenen Systems mit Anwendung auf die Theorie 
von van der Waals und das Gesetz des Siedepunktes,”’ by E. Riecke, 
Wiedemann’s Annalen, vol. 53, 1894, pp. 379-391; ‘‘Uber die Zus- 
tandsgleichung von Clausius,’’ by E. Riecke, Wiedemann’s Annalen, 
vol. 54, 1895, pp. 739-744. 

13 Assistant Professor of Chemical Engineering, California Insti- 
tute of Technology, Pasadena, Calif. 
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where f is a constant. 
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prediction of the relation of the vapor pressure of a pure sub- 
stance to temperature, employing the equality of the ‘“thermody- 
namic potentials,’ pressures, and temperatures of the coexisting 
gas and liquid phases as the criteria of equilibrium. This ther- 
modynamic potential is usually called “chemical potential” in 
The method of solution utilized seems 
somewhat complicated and apparently is of no greater accuracy 
than has been obtained in the solution of other equations of state. 
The uncertainty of prediction as illustrated is comparable in 
magnitude to the differences to be found when the behavior of 
various substances is compared on a reduced basis. 

The author is to be complimented upon an interesting discus- 
sion of an inherently complex problem for which he has appar- 
ently found a solution which may be of engineering utility in 
many instances. It is the writer’s belief that the correlation of 
volumetric and phase-equilibrium data in accordance with the 


_ relationships set forth by Gibbs, such as the Duhem equation, 


will yield one of the most satisfactory bases for the prediction of 
the thermodynamic behavior both of pure substances and of 


~ complex mixtures. 


J. A. Gorr.'® The essence of the author’s paper is his hypothe- 
sis 


b= oe ke 


Jf 

2 feats lg) Pecerc ea: eee 
2 pv ACE) 

The author attempts to establish a 
physical basis for this hypothesis by stating that the contribu- 
tion to internal energy from intermolecular forces is 


Umol = 


but clearly this is merely an alternative statement of the hy- 
pothesis and, so far as the writer is aware, is not a prediction 
of statistical mechanics. 

The well-known identical relations of thermodynamics can be 
applied to the hypothesis Equation [81] directly and simply 
without the aid of unfamiliar variables to derive 


DRT mee (LE teen ee: neo. oe. [82] 


The form of the function F is not determined by Equation [81], 
although of course, its argument is. Equation [82] is equivalent 
to the author’s Equation [10]; but why it should be dignified as a 
definition of ‘the perfect vapor” is not at all apparent. 

As explained, Equation [12] is corollary to Equation [1] and 
must be true in any range of the physical variables where Equa- 
tion [1] is true. The author assumes that this range includes 
the zero-pressure isobar. If it does, then 


u°(T) = [(e- o 5”) ar Eu 


which still leaves the constant f undetermined. The author 
chooses f so that, at sufficiently high temperatures, the integrand 
will represent the contribution to Cp= from all motions except- 
ing translation and rotation; but of course there is nothing com- 
pelling this particular choice, and it is entirely possible that a 
different choice would strike better agreement with experimental 
data. Furthermore, in some cases, electronic motions make an 
appreciable contribution to the internal energy, in which cases 
the author would not be justified in assuming that the integrand 
arises solely from vibrational motion as he has done. 


14 “Thermodynamic Relations in Multicomponent Systems,” by 
R. W. Goranson, Carnegie Institute of Washington, 1930. 

1 Dean, Towne Scientific School, University of Pennsylvania, 
Philadelphia, Pa. Mem. A.S.M.E. 
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The value of the paper would have been greatly enhanced 
if the author had stated his hypothesis Equation [81], its corol- 
lary Equation [82], his assumption that their range of validity 
includes the zero-pressure isobar, Equation [83], and if he had 
been somewhat more apologetic for his particular choice of f. 
But of course the use of unfamiliar, unnecessary, and confusing 
variables makes this difficult. In this connection, it might be 
appropriate to ask what set of “elementary properties” the author 
would have employed if he had wanted to arrive, in similar man- 
ner, at 


p»/RT = ae 


which is equivalent to Equation [82] and, therefore, corollary to 
Equation [81] also. 

Agreement with experimental data on steam through Equation 
[81] is shown in Fig. 3 of the paper, and may be regarded as good 
or bad, depending upon the range of physical variables in which 
interest lies. Fig. 4 of the paper points to the usual experience 
that an empirical equation of state must represent p, v, 7 data 
extraordinarily well if it is to agree only moderately well with 
thermal data. 

AvuTHOR’s CLOSURE 


In the foregoing discussions, further information is desired 
regarding the assumptions underlying the perfect vapor and the 
limits of its applicability. This can be done best by deriving 
Equations [10] and [15] from statistical thermodynamics. 
During the long interval between the time the paper was sub- 
mitted until it was finally published, further progress was made 
in the application of statistics to the potential energy of mole- 
cules, thus enabling the author to set up the characteristic 
molecular qualities which, in first approximation, lead to the 
perfect vapor. It was found from this new derivation that the 
quantity a in the paper has the value !/; for all kinds of mole- 
cules, and that certain relations given in the paper have to be 
modified for monatomic and linear molecules. It was with the 
revision!® which will now be discussed that the paper was pre- 
sented at the 1940 Spring Meeting of the A.S.M.E. 

The energy of a fluid system consists of the internal energy 
of the molecules which is a function of temperature alone, and of 
the translational energy which is a function of both temperature 
and volume of the system. Thus, the partition function @ has 
the form : 

OS OM IND) SX Oral anenoda v5 ocahe [84] 


The energy of translation consists of kinetic and potential energy ; 
its contribution to the partition function is (302,5) 


Ukin + Upot 
1 arcuate 
aN ri shee ff e «"  dp,dp,dp,drdydz .[85} 


Qhr 


where 


Then, Equation [85] can be written 


hy i ee ee 
Nr = elapse Sahn dp,dp,dp, 
Tice ‘ - Upot 
kT 
Kx — J ::-:-- e dz,dy,dz,. [86] 
I ia 1AY Az 


16 The deduction is based on methods described in ‘Statistical 
Thermodynamies,”’ by R. H. Fowler and E. A. Guggenheim, Cam- 
bridge University Press, London, The Macmillan Company, New 
York, N. Y., 1939. Numbers in parentheses throughout this closure 
refer to the corresponding equations in this book. 
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Integration of the first term gives the temperature function 


wa 3 
oe (Semi) YAK ty wy e 


h 


The integration of the second term has to be taken over the 
entire space available to each of the N molecules. The as- 
sumption is made that the potential energy consists only of the 
simultaneous interaction of not more than two molecules, and 
we write 


Upset 


= €a,8 


N 
Since N molecules can be paired in 2 (N — 1) different ways, 


there are as many factors under the integral. With the abbre- 


viation 
day, = da,dy,dz, 
Equation [86] gives (703,1) 


4 pA (N —1) factors _ €a,B 
k 
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Qpot c= 


This product must now be expanded into a power series. 
According to the configurations permitted, certain terms in this 
expansion are canceled. Thus, the selection of the mechanism 
of molecular interaction is one of the factors which determine 
the thermal properties of the substance. For low densities, 
pairwise interaction is a satisfactory assumption which leads 
to van der Waals’ equation of state. For higher densities, the 
formation of molecular clusters must be assumed, the size of 
which increases with the density. At very high densities, each 
molecule will be confined to a cell formed by its nearest neighbors. 

We consider a vapor of moderate density and assume that 
only the simplest type of cluster may exist, this being a tetra- 
hedron with one molecule in each corner. Each molecule at the 
base of this pyramid may interact with the molecule at the tip, 
and there may be no interaction among the base molecules them- 
selves, Fig. 14. Then, only the following terms remain in the 
series expansion (703,5) 


Qpot a 


. [91] 


The first sum represents configurations with but one group of 
four molecules, each within the range of force of the others; the 
second sum represents configurations with two distinct groups 
of four molecules interacting, and so on for the other sums. 
The number of terms under each sum has now to be enumerated. 
In the first sum, each of the N molecules can occupy place 1, 
then remain (NV — 1) molecules for place 2, (NV — 2) molecules for 
place 3, and (NV — 3) molecules for place 4. Thus, the number 
of permutations is 


NEN S 1)(N — 2)(N — 8) 
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In case of complete symmetry, it was necessary to divide this 
expression by 4! to eliminate identical arrangements. But in 
the present case, interchange of the tip molecule with each base 
molecule represents a different arrangement; moreover, two dis- 
tinct arrangements of the base molecules are possible, Fig. 15. 
Thus, the number of combinations is obtained by multiplying 


1 
the number of permutations by — Ton as 
N(N — 1)(N — 2)(W — 8) 


3 


The number of terms under the second sum is obtained by ex- 
tending this procedure to groups of two tetrahedra. The number 


2 2 
e e 


a a 


of molecules available for the places 5, 6, 7, 8 in the second 
tetrahedron are subsequently (VN — 4), (N — 5), (N — 6), 
(N — 7). Identical arrangements are eliminated by multipiying 
the number of permutations by !/; for each of the two tetra- 
hedra. The interchange of identical tetrahedra within each 
group is eliminated by division by 2!. Thus, the number of 
distinct sets of two tetrahedra is 


N(N — 1)(N — 2)(N — 8)(N — 4)(N — 5)(N — 6)(N — 7) 
232 


In general, the number of distinct sets of r tetrahedra is 


N(N — 2)(N —8)..... [N — (4r—1)] _ N! 
r! 3 ~ rl 3" (N — 4r)! 


Then, after some transformation, the partition function becomes 
(703,6) 
N 


v% ie N! 

N! Din r!\(N — 4r)!N*” 
x|* yf i qf ab jneel ig Uae eee ..- [92] 
3u4 


or, if the abbreviation é is introduced for the term in the bracket 
(703,9) 


Qpor = 


N 4 
N! 
ani ye ee [93] 
N! o rl(N — 4r) IN 


To evaluate this expression, we make the further approximation 
(703,10) 


Qpot 
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Qpot 
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Using Stirling’s theorem, we obtain (703,12) 


Mn Qo, = N (: + in “) + 


Nin (43 i AS 1254 13y4 dodanie). [95] 


For a perfect gas, the partition function of potential energy is 
given by the first term Qgas alone. The second term represents 
‘the contribution of intermolecular forces, Qmol. 

Since there is no interaction between the base molecules, the 
potential energy of the cluster depends only upon the relative 
coordinates of the tip molecule, and the integration can be per- 
‘formed over the available space, v/N, of the three others, which 
yields for the second term 


1 oie 2k 
In Oma = N In (eee  —1)¢d0)....100 
UO) 


In order to evaluate the integral, we have to introduce a definite 
function for the energy of interaction. Thus, the choice of this 
function becomes another important factor for the thermal 
properties of the substance. Only molecules with no electric 
moments shall be considered. Then the molecular, force will be 
a superposition of an attractive and a repulsive force. However, 
the range of the repulsive force is much shorter than that of the 
other. For the densities in question, where the molecules do 
not approach each other closely enough to form clusters of more 
than four molecules for an appreciable length of time, it may 
also be assumed that they do not approach each other closely 
enough for an appreciable length of time to allow a substantial 
contribution to the energy of interaction by the force of repulsion. 
Therefore, ¢ is assumed to consist of energy of attraction only, 
which may decrease proportionally to some power of the distance 
r between the molecules (708,5) 


where D is the diameter of the molecule, representing the closest 
approach of the two centers. According to the neglect of the 


repulsion, « = 0 for 0 < r < D. Expressing dw in polar co- 
(fe 
ordinates and writing R = D’ we can extend the integration to 


infinity and obtain 


[o-) 
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ln Qna = N in (: + 


Expansion into a power series of the term under the integral and 
introduction of van der Waals’ term b = ?/;7D#N yields 


tna = Nin | 1-47 » f Be 5 (et 2 +1) 
" dR 
x (=) hs |. 108 
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Integration gives 
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If terms of higher order than 3 are neglected, we obtain in first 


approximation 
1 2b eos 
T% 3(n—1) \k 


ln Qmot = Nin E + 


With the abbreviation 


the contribution of the intermolecular forces to the characteristic 
function is 


@ \° 
Vm = kl Qma = R L 1 WAG | lpaeecro 
1 n 1 a + - Ye . | [100] 


It is obvious that Equation [100] is a first-order approximation 
for Equation [48], when a = !/;. Thus, the statistical founda- 
tion of the semiempirical relations in section 4 has been derived. 
The quantity a has the invariable value !/;; The complete 
characteristic function is now 


WY = Wuin (T) + Vint (T) + Vol (Tv’/*) + R ¢ + ln [101] 


The contribution of the molecular forces to the internal energy 
of a system of N molecules is 


OVmol 


or = T2y'/s WV mo(Tv'/*) Be Goo 


Umol = T? [ 102] 


where the prime denotes the differentiation with respect to the 


argument. The pressure of the system is obtained as 
OV yee rw 
= = (Ua ade 103] 
p = : ar a7 (Tv /*) [103] 


From Equation [103] follows 


eal 
po’? = RTv/* + q (Tv'/*)2W moi (Tv'/*) 


or 
po’? = F(T) x = F@) 
which is equivalent to Equation [10] of the paper. 


Furthermore, from Equation [103] 


1 
pu— RT = 2 T2132 W' mo( Tv /2) 


Substitution of Equation [102] gives 
— RT : 

= = Umo 

pv g mol 


which is Equation [15] of the paper. Consequently, we have for 


all molecules 


The assumptions made in the paper regarding the internal energy 

of the system are maintained. The necessary corrections due to 

the new definition of a are: 

f, ree 3 
2 


—3 
4pv + tine $+ PSF RT. 
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Equation [16]...... uw = 3pv0 + Uose + 


[106] 
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Equation [17]...... h 
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where f; is the number of degrees of freedom of the fully activated 
rotational energy: 


For monatomic molecules............. jf, = 0 

Hor linear moleculessencieini cei ja 2 

For polyatomic molecules............. je 3 
Further corrections are: 
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The Joule-Thomson coefficient of a perfect vapor is obtained 
from Equation [32] by differentiation as 
a4 
T 1 


aaa | ra Roce! A\3 — ¢(0/8)8 
= 2—(—) —_,,— 
Q T *) ele) a 
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1 \. [109] 


The changes affect the relations for the adiabatic curve in section 
7 of the paper. By substitution of Equation [105] into Equa- 
tion [1] follows for ds = 0 the equation of the adiabatic curve 
of the perfect vapor 


ip = 3 
iy ‘UBC aT 
ES : Atbose + 9 R ae 
ie ap eee 
for monatomic vapors (dt = 0; f, = 0) 
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R=] tie eee yes ores 112 
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In Equations [110] to [113], the left side depends upon @ only, 
while the right side depends upon J only, which makes the 
integrations practicable. 

The carbon-dioxide example in section 3 requires conversion 
into the correct properties of state Tv'/* and pv‘/*. The correct 
diagram in these properties is shown in Fig. 16. 

It has been found that there are vapors the p, v, T data of 
which can be represented by a single curve in z, 6 coordinates, 
even when the assumptions made in the statistical derivation are 
not fulfilled. In this case, the equation of state becomes purely 
empirical. The points of state of steam, which consists of mole- 
cules with large electric moments, coincide surprisingly well in 
a single curve. In Fig. 17, the values of the empirical constant 
4 are plotted, calculated from Equation [82] for all states in the 
International Steam Tables of 1935. For each state, the highest 
and the lowest values for v, according to the allowed tolerance, 
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have been substituted in the equation, and pertaining values 
6) are connected by a bar in the diagram. If a line is traced 
across the diagram at 6. = 136.5, it will intersect with about 
two thirds of all bars; which means that Equation [32] with 
6. = 136.5 will satisfy the respective states within the limits of 
the tolerance. For the remaining one third, the deviation is, 
with the exception of the highest pressures, very slight. It must 
be realized, that the tolerance varies only between +1 and +2 
parts in 1000. 

According to the title of the paper, this study is confined to 
the vapor region of fluids. In common usage, a state consider- 
ably above both critical pressure and critical temperature is 
referred to not as a vapor but as a compressed gas. These states, 
as well as liquids are not a subject of the paper. Nitrogen at 
zero C and pressures of hundreds of atmospheres, therefore, 
cannot be a criterion for the validity of the perfect vapor rela- 
tions. The Joule-Thomson coefficient, according to Equation 
[109], always yields positive values. In so far as the author is 
aware, this is always the case in the vapor region, and the inver- 
sion of the Joule-Thomson effect occurs in a region far remote 
from condensation. Furthermore, it is mentioned in section 3 
that the perfect vapor relations apply only to densities not 
higher than about one half the density in the critical point. The 
reason for this is evident from the statistical derivation. The 
perfect vapor method is intended to furnish preliminary informa- 
tion on the properties of vapors when experimental data are 
scarce. The examples in the paper show that at least fairly 
accurate results may be expected, and the experience available 
up to the present is encouraging. 

The author greatly appreciates the interest shown by so many 
discussers and hopes that each of them may find the desired 
information in this closure. 
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